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Bicyclic oxazines 
1.1 Introduction 
 
1.1.1. Bicyclic oxazines 
 
 
 The control of selectivity is of fundamental importance in organic synthesis, especially 
with regard to generation of complex target structures. Development of new methodologies for the 
preparation of non-racemic chiral compound by means asymmetric catalysis represents one of the 
most important target in organic chemistry. Catalytic synthetic transformation are especially 
valuable when the starting material are easily accessible and to prepare also in a multi-gram scale. 
For examples, 3-aza-2-oxabicyclo[2.2.1]hept-5-ene (1.1, Scheme 1.1) or 3-aza-2-
oxabicyclo[2.2.2]oct-5-ene (1.2, Scheme 1.1), called bicyclic oxazines, can be easily prepared in 
multi-gram scale by a hetero Diels-Alder reaction using respectively cyclopentadiene or 
cyclohexadiene with a transient nitroso species deriving from the corresponding hydroxamic acid. 
 
 
 
 
 
 
Scheme 1.1. General synthesis of acylnitroso cycloadducts 
 
The acylnitroso adducts are most commonly studied because give the possibility to remove per 
protecting group. 
 
 
 
Scheme 1.2 Nitroso species formed in situ 
 
While the study of the less strained 3-aza-2-oxabicyclo[2.2.2]oct-5-ene derivatives have not 
receveid much attention, in the last few years the 3-aza-2-oxabicyclo[2.2.1]hept-5-ene continue to 
hold a tremendous amount of synthetic potential as intermediates in the construction of a variety of 
biologically interesting molecules (Schema 1.3) 
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Scheme 1.3. Possible manipulations of 3-acynitroso[2.2.1]hept-5-ene 
 
The acylnitroso cycloadduct can be elaborated throught: cleavage of the N-O bond to form amino 
alcohols (Scheme 1.3, path a), oxidative cleavage of the double bond C-C to give diacid 
compounds (path b), ring-opening reaction with different nucleophiles (path c, d and e) or by the 
use of organometallic reagents (path f, g, h and i). The amino alcohols and the hydroxamic acid 
derivatives that can be obtained in the depicted transformation are highly valuable intermediates in 
the synthesis of biologically active compounds. Moreover there is the possibility to obtain ring 
opening products with the formation of a new C-C bond affording a new carbon skeleton with two 
new stereocenters. 
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1.1.2 Asymmetric hetero Diels-Alder cycloadducts 
 
 The development of asymmetric hetero Diels-Alder (HDA) or called also nitroso  Diels-
Alder (NDA) cycloadditions is of fundamental importance as it allows the installation of the 
requested absolute stereochemistry within the adducts. Exist two approachs for asymmetric HAD 
reaction: the first involved the chiral auxiliary approach, the second consisted in a catalityc NDA 
reaction. 
The 1,4-aminocyclopentenols are valuable intermediates in the synthesis of carbocyclic 
nucleosides, prostaglandins, and other natural products. The synthesis of 1.3 starts from the readily 
available hydroxamic acid 1.4, derived from D-Ala. Trapping the transient acylnitroso 
intermediate, generated from the oxidation of 1.4 under Swern conditions, with cyclopentadiene 
generated cycloadduct 1.5 as a 5:9:1 mixture of readily separable diasteroisomers. Dihydroxylation 
of 1.5 provided a single diasteroisomer that was protected as the corresponding acetonide 1.6. The 
subsequent hydrogenation of the N-O bond provided the desired amino alcohols 1.3 (Scheme 1.4). 
 
 
 
 
 
 
 
 
 
 
Scheme 1.4 Synthesis of enantiomerically pure 1.3 
 
The amino alcohol 1.3 was very interesting because was a key intermediate in the synthesis of the 
antiviral carbocyclic nucleoside 5’-noraristeromycin 1.7, of the potent antiviral agent aristomycin 
1.8 and of the antitumoral neoplacin A 1.9, isolated from Ampulariella regularis (Scheme 1.5).1 
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Scheme 1.5 Synthesis of important carbocyclic nucleoside  
 
 On the other hand, the catalytic enantioselective [4+2] cycloaddition of achiral dienes 
was one of the challenges among NDA reaction. A reagent controlled enantioselective nitroso 
Diels-Alder reaction was reported by Ukaji and Inomata (Scheme 1.6).2 
 
 
 
 
 
 
 
 
 
Scheme 1.6 Enantioselective NDA reaction of 1.10  using tartaric acid ester chiral auxiliary 
 
In the presence of one equivalent of zinc catalyst, NDA reaction of hydroxyl diene 1.10 and 
nitrosobenzene proceeded smoothly to give cycloadduct 1.11 up to 91% ee. The attached hydroxyl 
group in diene played an important role in generating the unique transition state inducing 
enantioselectivity. 
 In a catalytic approach, Yamamoto and co-workers recently accomplished the first 
catalytic asymmetric NDA reaction using 2-nitrosopyridine derivatives 1.13  in the presence of a 
chiral phosphine-copper catalyst (Scheme 1.7).3 
 
 
 
 
 
 
Chapter 1 
 
5 
R
N
N
O
(S)-SEGPHOS
CuPF6(MeCN)4
(10 mol%)
R
N
N
O
R N
Cu
P
P
*
up to 97% ee
NHTs
OTBS
R = H, Me, Ph R = H
1.12 1.13 1.14
1.15
 
 
 
 
 
 
 
 
 
Scheme 1.7 Enantioselective NDA reaction of 1.12 with 2-nitrosopyridine 1.13 
 
The success of the first catalytic enantioselective NDA reaction heavily relied on chelation control 
to well-organized catalyst-substrate complexes. High enantioselectivity was obtained using a 
Cu(PF6)(MeCN)4-(S)-SEGPHOS complex for broad range of cyclic dienes. The provided NDA 
product 1.14 could be easily transformed into the protected optically active amino alcohols 1.15. 
After cleavage of N-O bond, the resulting alcohol and amine were protected by TBS and tosyl 
group, respectively. Quaternization of pyridine, followed by treatment of NaOH afforded protected 
amino alcohol in good yield without loss of enantioselectivities.4 
 
 
1.1.3 Regio- and stereo- selective ring opening of bicyclic oxazines with oxygen 
nucleophiles 
 
 In 1998 Miller reported the first example of regio- and stereoselective Lewis acid and 
Pd(0)/Brönsted acid-mediated ring opening of the bicyclic oxazines of type 1.1 to give selectively 
versatile anti-1,4- and syn-1,4-disubstituted cyclopentene-derived hydroxamic acids, 1.16 and 1.17, 
respectively (Scheme 1.8).5 
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Scheme 1.8 Fe(III)- and Pd (0)- mediated ring opening of bicyclic oxazine of type 1.1 
 
The hydroxamic acid moiety is an important functionality present in a wide range of biologically 
active compounds. The activity of compounds containing hydroxamic acids often relies on their 
ability to effectively bind metals such as iron (III), nickel (II) and zinc (II). Thus, hydroxamates 
often acted as inhibitors of metal-containing enzymes such as 5-lipoxygenase, urease, and matrix 
metalloproteinases. During studies designed to utilize acylnitroso-derived Diels-Alder adducts in 
syntheses of novel amino acids, it was noted that upon exposure to FeCl3 several of cycloadducts 
gave color test characteristic of free hydroxamic acids. So the authors of this paper considered the 
use of Fe(III), as a Lewis acid, to assist in the regioselective opening of 3-aza-2-
oxabicyclo[2.2.1]hept-5-ene at the C(1) position (Scheme 1.8), followed by attack of a nucleophile 
(methanol) to afford primarily the anti-1,4-hydroxamic acid 1.18, in addition to minor amounts of 
syn-1,4- and anti-1,2-products, 1.19 and 1.20, respectively (Scheme 1.9). 
 
 
 
 
 
 
Scheme 1.9 Ring opening products of bicyclic oxazine 1.1 with alcohols 
 
 Subsequent studies showed that the regio- and stereoselectivity of this Lewis acid 
mediated ring opening reactions could be altered by modifying the steric bulk of the nucleophilic 
solvent. By changing the solvent from methanol to 2-propanol, the preference for anti-1,4-
hydroxamic acid 1.18 decreased and this trend continued in going from 2-propanol to tert-butyl 
alcohol. In each case by increasing the nucleophile size, a greater amount of syn-1,4-product 1.19 
was formed.6 
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The ability of controlling the stereochemical outcome of the Lewis acid-mediated ring opening 
reaction of bicyclic acylnitroso adduct 1.1 was further enhanced by changing the Lewis acid from 
Fe(III) to Cu(II). The copper salt offered a more mild Lewis acid source and give a significant 
improvement in stereoselectivity over Fe(III)-mediated reaction, of anti-1,4-product 1.18 using 
methanol. Increasing of the nucleophile size, even further, had a dramatic effect on the 
stereochemical outcome, giving the syn-1,4-product 1.19. The syn-1,4-hydroxamic acid 1.20 could 
also be obtained preferentially by varying the reaction conditions to include 4 eq of nucleophile in a 
non polar solvent, for example toluene. Also the [2.2.2] cycloadducts was opened under FeCl3 and 
CuCl2 conditions in good yield, however, with reduced stereoselectivity favoring the syn-1,4-
product 1.20. As a result of the lack of ring strain associated with [2.2.2] cycloadducts, the 
application of heat was necessary to induce ring opening. These trend in product selectivity offered 
some mechanistic insight into the cycloadduct ring opening reaction. A control reaction was run in 
which the both the anti-1,4- and the syn-1,4-hydroxamic acid product (1.18 and 1.19) were 
resubjected to the ring opening  condition [Cu(II) and methanol]. The anti-1,4- and the syn-1,4-
compounds were recovered unchanged, thus indicating thet the product ratios were not the result of 
a product equilibrium. A plausible mechanism involves an initial Lewis acid-mediated opening of 
the cycloadduct to give a tight ion pair (Scheme 1.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.10 Proposed mechanism of ring opening products of bicyclic oxazine 1.1 with alcohols 
 
 The fate of this tight ion pair is determined by the reaction conditions. If the reaction takes place in 
a small nucleophilic solvent (such as methanol), the solvent can attack the tight ion pair from the 
face opposite to the hydroxamate to give the anti-1,4-product 1.18 (path a). On the other hand if the 
Chapter 1 
 
8 
N
O
O
Ot-BuROH ROH
[CpRu(MeCN)]PF6 Cp*RuCl(cod)RO
N OH
OtBu
O
RO
N OH
OtBu
O
1.1a1.21, 1,2-cis 1.22, 1,2-trans
nucleophile was too cluttered and when its concentration was too low, it was possible to have the 
issue of the nucleophile from the metal and an addition to the same face of the hydroxamate to 
afford the syn-1,4-product 1.19 (path b). 
 On 2009, Tam’s research group examined the first example of a Ru-catalyzed 
nucleophilic ring-opening reaction of 3-aza-2-oxabicyclo[2.2.1]hept-5-ene 1.1a with alcohols.7 
Unlike the other transition metal- or Lewis acid-catalyzed ring-opening reaction using heteroatoms 
nucleophiles which that formed to the 1,4-cyclopentene adducts, the ring opening reaction using 
alcohols (ROH) as nucleophiles in the Ru-catalyzed nucleophilic ring-opening reaction led to the 
formation of 1,2-cyclopentene adducts. Interestingly, while the use of neutral ruthenium catalysts 
produced the trans-1.22 ring-opened product exclusively, the use of a cationic Ru catalyst formed 
the cis-1.21 cyclopentene as the only product, when MeOH is the nucleophile. The authors used 
various alcohols as the nucleophiles (and as the solvent) and found that this Ru-catalyzed ring 
opening reaction was highly regio- and stereoselective. The stereodivergency of the reaction using 
either a neutral ruthenium catalyst or a cationic ruthenium catalyst provided an excellent method 
for the selective formation of the trans- or cis-1,2-cyclopentene ring-opened products (Scheme 
1.11). 
  
 
 
 
 
Scheme 1.11 Ru-catalyzed nucleophilic ring-opening reaction of 1.1a  with alcohols 
 
The rationale for the formation of the different products was shown in Scheme 1.12. The neutral 
Cp*RuCl(cod) catalyst can coordinate to the oxygen of the bicyclic alkene providing complex 1.23; 
insertion of the Ru into the C-O bond would then give 1.24. The methanol would then add to the 
less hindered exo face of the double bond to form trans-1.22. Converserly, the cationic 
[CpRu(MeCN)]PF6 species would coordinate to the olefin to give complex 1.25. This is followed 
by formation of the π-allyl complex 1.26 and addition of the methanol from the endo face to give 
cis-1.21.   
 
 
 
 
 
 
Chapter 1 
 
9 
N
O
O
Ot-Bu
1.1a
[Ru]+
[Ru]
N
O
O
Ot-Bu
[Ru]
N
[Ru]
O
Ot-BuO
Me
H O
RO
N OH
OtBu
O
N
O
O
Ot-Bu
+[Ru]
N
O
O
Ot-BuO
Me
H
+[Ru]
RO
N OH
OtBu
O
1.23 1.24 1.22: 1,2-trans
1.25 1.26 1.21: 1,2-cis
N
O
N
Br
OR
N
N
Br
OH
N
N
Br
OHRO
N
N
Br
OHRO
Lewis acid
(0.5 eq)
ROH
rt
1.27 1.28: 1,2-anti 1.29, 1,4-anti 1.30, 1,4-syn
 
 
 
 
 
 
 
 
 
Scheme 1.12 Proposed mechanism for 11 Ru-catalyzed nucleophilic ring-opening reaction of 1.1a  
with alcohols 
 
 While the reactions of acylnitroso cycloadducts of type 1.1 has receveid considerable 
attention, elaborations of heteroaryl nitroso cycloadducts such as 1.27, have been less explored and 
were mainly limited to reductive cleavage of the N-O bond. Miller and co-workers tried the 
reactivity of iminonitroso cycloadducts 1.27 with various Lewis acids, including FeCl3, CuCl2 and 
CuSO4, in the presence of alcoholic solvent. These conditions afforded the ring-opening reaction 
and the formation of three products 1.28, 1.29 and 1.30, but only with  low yields (Scheme 1.13).8 
 
 
 
 
 
Scheme 1.13 Lewis acid-mediated nucleophilic ring opening reaction of heteroaryl nitroso 
cycloadducts 1.27 
 
Subsequent screening revealed that the reaction with In(OTf)3 provided the best yield (up to 92%) 
and gave the anti-1,4-adduct 1.29 as the major product. The authors investigated also the role of the 
reaction conditions and realized that the regio- and stereoselectivity of the products obtained 
depends on the cosolvent (coordinating or non-coordinating) and/or on the size of the nucleophiles. 
However, the anti-1,4-adduct 1.29 was always the major product. A plausible mechanism indicated 
the two major products 1.28 and 1.29 were the results of indirect and direct nucleophilic 
displacement of the oxygen, respectively (Scheme 1.14). 
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Scheme 1.14 Proposed mechanism of Lewis acid-mediated nucleophilic ring opening reaction of 
heteroaryl nitroso cycloadducts 1.27 
 
 In order to improve the yield for the [2.2.2]acylnitroso cycloadducts 1.31 the authors 
repeated the reaction under refluxing conditions, and in this way the anti-1,2 1.32 and anti-1,4 1.33 
were obtained  up to 90% yield (using MeOH as the nucleophile and the solvent). The likely 
mechanism involves the formation of coordinated intermediates 1.34 or 1.35 as a result of a five-
membered ring chelation with In, as well as a subsequent direct (SN2-like) or indirect (SN2’-like) 
nucleophilic displacement of the oxygen during the attack of methanol (Scheme 1.15).9 
 
 
 
 
 
 
 
 
 
 
Scheme 1.15 In(OTf)3 mediated ring opening reaction of bicyclic adduct 1.31  with methanol 
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1.1.4 Regio- and stereo- selective ring opening of bicyclic oxazines with carbon 
nucleophiles 
 
 In this section our investigation is focused on the ring opening of cycloadduct with C-C 
bond formation. In this way, the carbon framework of the molecules could be expanded directly 
from the cycloadduct. Thus, the synthetic versatility of the cycloadducts would be greatly 
enhanced. 
The first method involved the treatment of cycloadducts with a source of palladium (0) and a 
carbon nucleophile such as dimethyl malonate or methyl nitroacetate. In 1990 Procter and co-
workers, aiming to the synthesis of enantioenriched “carbacyclic nucleosides” and analogues 
envisioned that the formation of a new C-C bond via Pd(0) catalyzed displacement on the allylic 
acetate 1.36 derived from acetylation of the product from N-O cleavage of mandeloyl nitroso 
cycloadduct 1.1 could be a crucial step (Scheme 1.16).10 
 
 
 
 
Scheme 1.16 Possible way to obtain carbacyclic nucleoside 
 
This Pd(0) catalyzed displacement, deriving from the use of Pd(OAc)2 in the presence of 
triphenylphosphine, on the acetate derived 1.36 was successful and the reaction proceeded cleanly 
and in excellent yield. But the authors observed that also the N-benzoyl cycloadducts 1.1 and 1.2 
themselves can be made to undergo this displacement reaction to give the corresponding substituted 
hydroxamic acids 1.38 and 1.39; this represented the first example of metal-catalyzed ring-opening 
of bicyclic system with carbon nucleophile (Scheme 1.17).   
 
 
 
 
 
 
Scheme 1.17 Palladium-catalyzed ring opening of the cycloadducts 1.1 and 1.2 
 
 In 2001 Miller, with the aim to develop the synthesis of amino acid precursor necessary 
for the construction of analogue of siderophores biosynthetases, started from hetero Diels-Alder 
cycloadducts and subsequent metal-catalyzed ring-opening reaction.11 
The author performed the reaction of acetyl cycloadduct 1.1b with methyl nitroacetate as the 
nucleophile in the presence of catalytic amounts of Pd(PPh3)4 and CuSO4. Interestingly, this 
combination afford the 1,4-syn amino acido precursor 1.40 in 70% yield (Scheme 1.18). 
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Scheme 1.18 Palladium-catalyzed ring opening of 1.1b 
 
The exact role of CuSO4 (10 mol%) in the ring opening reaction was not completely clear to the 
authors. When a stoichiometric amount of copper was used, the yield was somewhat lower, while 
in the absence of copper salt, lower yields of hydroxamic acid 1.40 were obtained. This efficient 
acylnitroso hetero Diels-Alder cycloadduct ring opening was used for the synthesis of 
conformationally restricted analogue of Nω-acetyl-Nω-hydroxyornithine and –lysine 1.41, which are 
commonly used substrates of the siderophores synthetases, giving the possibility to find new 
metabolic targets for novel antiobiotics (Scheme 1.18). 
 
 
 
 
 
 
 
 
 
Scheme 1.19 Synthesis of analogue of Nω-acetyl-Nω-hydroxyornithine and –lysine 
 
 Another intriguing possibility is the use of organometallic reagents, such as Grignard 
reagents, but it is necessary to consider that there are several other potential electrophilic sites on 
acyl nitroso Diels-Alder adducts. (Scheme 1.20).12 
 
 
 
  
 
 
 
 
 
Scheme 1.20 Possible nucleophilic attacks on acylnitroso bicyclic adduct 1.1 
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For example, the organometallic reagents might attack the carbonyl carbon of protecting group, 
giving a ketone 1.42 and deprotected cycloadduct 1.43 after acidic work up (path a, Scheme 1.20). 
Moreover, there is the possibility of direct nucleophilic displacement of either the oxygen (path b) 
or nitrogen (path b’) to give rise to anti-1,4-disubstituted hydroxamic acid 1.44 or hydroxamates 
1.45, respectively. Alternatively, an SN2’ attack might also be possible to indirectly displace either 
the oxygen (path c) or nitrogen (path c’) and give rise to anti-1,2-products (1.46 and 1.47). 
Obviously, for reaction efficiency, one of the possible reaction pathways must be favored over the 
others, and must not be path a. In the preliminary reaction with Grignard reagent, low yield and 
selectivity was observed, but two important points were noted: (1) only two major products derived 
from cleavage of C-O were isolated (path b’ and c’ not observed); (2) no products arising from 
attack at the carbonyl group were detected (path a). With the aim to improve the yield and the 
selectivities, the reaction was repeat in the presence of copper salts, as this strategy is often used to 
affect the reactivity of organomagnesium reagents. By using of CuCl2 and vinylmagnesium 
bromide a dramatic effect on the yield and selectivity of the reaction was observed providing a 89% 
yield for of a 7:3:1 ratio of anti-1,2-:anti-1,4-:syn-1,4-hydroxamic acids (1.48:1.49:1.50) (Scheme 
1.21). 
 
 
 
 
 
Scheme 1.21 Distribution of addition products on bicyclic system 1.1c 
 
After a brief survey about the use of alternative Lewis acids in the same reaction, the author 
concluded that the role of CuCl2 was a bit more complex than just a simple Lewis acid. All data 
obtained pointed to a catalytic generation of an organocopper reagent which is definitely 
responsible of the ring opening of the cycloadduct. Aryl Grignard reagents were found to offer a 
minor product selectivity with respect to vinyl magnesium bromide. The best results were obtained 
with EtMgBr in the presence of a catalytic amounts of copper to provide hydroxamic acids in up to 
93% yield and with selectivities of up 18:2:1 for the anti-1,2-:anti-1,4-:syn-1,4 products. This 
constitutes a novel and synthetically useful cycloadduct ring opening and allows the direct 
elaboration of the cyclopentene carbon framework while regenerating an hydroxamic acid moiety. 
 As mentioned, hydroxamic acids represent an important functionality, for example 
hydroxamates often acts as inhibitors of metal-containing enzymes such as 5-lipoxygenase. Miller 
and co-workers envisioned that analogues can be accessible in a single synthetic transformation 
from the cycloadduct using the previously copper-catalyzed ring-opening reaction with 
organomagnesium reagents. Formation of analogues 1.52 was realized with the treatment of N-
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methyl carbamate 1.1c with an appropriate organomagnesium reagent formed in situ from the 
bromide precursor 1.51  (Scheme 1.22). 
 
 
 
 
 
 
Scheme 1.22 Synthesis of analogue of 5-lipoxygenase 1.52 
 
However, it should be mentioned that the reaction gave the desired product in mixture with the 
corresponding anti-1,4- and syn-1,4-diastereoisomers and only a low yield (34%) of pure trans-
1.52 was obtained after chromatographic purification. In a related approach, treatment of N-Boc 
protected NDA cycloadduct with copper catalyst-modified methylmagnesium bromide gave anti-
1,2-cyclopentenyl hydroxamic acid trans-1.53 as the major product. Reduction of the hydroxamate 
N-O bond with titanium(III) chloride followed by ozonolytic cleavage of 1.53 afforded diesters 
1.54 that possess the required relative stereochemistry to serve as precursor to 1β-substituted 
carbapenems 1.55 (Scheme 1.23).13 
 
 
 
 
Scheme 1.23 Synthesis of 1β-substituted carbapenems of type 1.55 
 
 Inspired by the works of Miller about the remarkable effects of copper salts in the ring 
opening of acyl NDA cycloadduct with Grignard reagents, in 2004 Pineschi and co-workers 
considered a possible extension of this chemistry towards the use of less reactive organometallic 
reagents, such as alkylzinc and alkylaluminium reagents. The presence of potential leaving groups 
adjacent to a double bond prompted our group to explore the possibility of a kinetic resolution by 
using copper complexes with nonracemic chiral phosphoramidites, which were found to be 
successful chiral ligands with strained allylic substrates, such as vinyl epoxides and vinyl 
aziridines.14 To our delight, the combination of copper salts and phosphoramidite ligand promoted 
the addition of the organometallic species on the double bond of NDA cycloadducts 1.1e,f, with 
cleavage of the C-O bond accompanied by allylic rearrangement (path a, Scheme 1.27), none of the 
product arising from attack of the organometallic species at the bridgehead carbon atom was 
detected (path b, Scheme 1.24).15 
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Scheme 1.24 Addition of dialzync reagents to bicyclic oxazines 1.1d,e 
 
It should be noticed that in this way is possible to obtain the trans-1,2-hydroxamic acid 1.56 with 
complete regio- and anti-stereoselectivity. When the reaction was carried out with Et2Zn (0.55 
equiv) in accordance with a kinetic resolution protocol, it was possible to obtain the ring opening 
product with 44% ee at 45% conversion. The use of Me2Zn give a better enantioselectivity (56% ee 
at 52% conversion). When organoalanes were used as alkylating agents, complete conversion of 
1.1e,f was observed in short reaction times, but a complex mixture of products were obtained. 
 The use of organoboron derivatives in combination with rhodium catalysts has recently 
emerged as an important tool for the enantioselective desymmetrization of heterobicyclic alkenes in 
particular benzooxa(aza)norbornadienes16 and bicyclic hydrazines (see Chapter 2).17 Recently, Tam 
and co-workers reported the first example of rhodium-catalyzed ring-opening reactions of 3-aza-2-
oxabicyclo[2.2.1]heptenes 1.1a with arylboronic acids. The authors investigated on 3-aza-2-
oxabicyclo[2.2.1]heptenes 1.1a with a large variety of rhodium source as the catalysts in presence 
of different solvent and base. The use of [Rh(COD)Cl]2, Binap as the ligant, NaHCO3 in MeOH at 
60 °C was found to be optimal conditions to obtain the 1,2-ring opened products regioselectively, 
albeit as cis/trans mixture, 1.58a,b respectively(Scheme 1.25).18 A similar catalytic system has 
been previously reported by our group for the enantioselective desymmetrization of bicyclic 
hydrazines with aryl boronic acids.19 
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Scheme 1.25 Rhodium-catalyzed ring-opening of bicyclic system 1.1a with arylboronic acids 
 
Various arylboronic acids were examined, and low to moderate yields were obtained with 
stereoselectivities (trans/cis) from 50:50 to 100:0 (best results with 2-Cl-phenyl boronic acid). The 
scope of the reaction seems to be rather narrow as the use of alkyl- and alkenyl boronic acids only 
led to decomposition of the starting material. Also our group during the study about the 
enantioselective desymmetrization of bicyclic hydrazines with a variety of organoboron 
derivatives, had realized the scarce reactivity of acyl NDA cycloadduct with organoboron 
derivatives with respect to bicyclic hydrazines.20 In the mechanism proposed by the authors, the 
active Rh catalytic species could either coordinate to the bicyclic alkene (intermediate 1.59) and 
deliver the aryl group from the exo face to provide the trans product 1.58a, or coordinate to both 
oxygen atoms of the heterobicyclic alkene and the carbonyl group of carbamate (intermediate 1.60) 
and deliver the aryl group from the endo face to provide the cis-1,2-adduct 1.58b (Scheme 1.26).  
 
 
 
 
 
 
 
 
 
Scheme 1.26 Proposed mechanism for rhodium-catalyzed ring-opening with arylboronic acids 
 
A similar coordination to both oxygens has been previously proposed by Miller in Lewis acid-
catalyzed ring-opening reactions of acylnitroso cycloadducts.5,6 
 As shown, the acylnitroso cycloadduct are susceptible to the catalysis of palladium(0) to 
open the cycloadduct ring systems and form the π-allyl complexes that can be trapped by a variety 
of nucleophiles to give mainly cis-1,4-adduct (type 1.37, Scheme 1.16). Miller’s group envisioned 
that when the π-allylpalladium(II) complex 1.61 was treated with indium(I) iodide, a reductive 
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transmetalation would occur to generate allylindium(III) species of type 1.62, which upon treatment 
with electrophiles such as aldehydes and ketones afforded disubstituted cyclopentenes 1.62-1.65 
(Scheme 1.27).21 
 
 
 
 
 
 
 
 
 
Scheme 1.27 Pd0/InI-mediated allylic addition of bicyclic system 1.1b to aldehydes and ketones 
 
The authors observed that the hydroxamate generated after the ring opening asserted a directing 
effect, yielding cis-1,4-adduct 1.63, predominatly. N-acetyl cycloadduct afforded excellent 
selectivity, with the cis-1,4-isomers 1.63 constituting 90-95% of the total products for aliphatic 
aldehydes. Also per N-carbamate protected cycloadducts, cis-1,4-isomers still predominated, albeit 
with lower selectivity. This methodology hold a great potential for its synthetic utility as a wide 
variety of electrophiles could be used to provide facile synthesis of alkylated aminocycloalkanes 
and also for  the synthesis of functionalized carbocyclic scaffolds.22  
 The ring-opening cross-methatesis (ROCM) of a strained cyclic substrate followed by 
cross methatesis  with another alkene also hold great promise for assemble of complex structure. In 
2002 King and co-worker realized the first combination of hetero Diels-Alder reaction of 1,3-
cyclopentadiene and N-O heterodienophiles to form strained [2.2.1] bicyclic systems containing 
two heteroatoms with ROCM to produce new functionalized heterocyclic five-membered rings. 
Slow addition of a mixture of 1.1f and 4-vinylanisolo, at room temperature in the presence of the 
ruthenium based Grubb’s catalyst formed a mixture of regioisomeric isoxazolidines 1.66a and 
1.66b (E/Z =1:1) in nearly equal amounts in 57% yield (Scheme 1.28).23 
 
 
 
 
 
 
 
 
Scheme 1.28 Ring-opening cross methatesis of acylnitroso cycloadduct 1.1f 
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 Starting from the pioneering studies of King, Kouklovsky and co-workers focused their 
attention on the possibility of domino methatesis of nitroso Diels-Alder cycloadducts. This reaction 
uses favorable thermodynamics to rearrange a (strained) unsaturated bicyclic in the presence of a 
catalytic amount of a ruthenium carbene complex. The authors considered the acyl NDA adduct 
1.1g for the reactivity in the presence of ruthenium carbenes. Best results were obtained by using  a 
second generation Grubbs carbene [Ru]-2 and the addition of an external alkene such as 
allyltrimethylsilane. In this reaction conditions a mixture 1:1 of the rare isoxazolo[2,3-a]pyridine-7-
ones (E/Z = 4:1) 1.67a and 1.67b was obtained in 59% yield. The latter coumpound 1.67b can be 
easily transformed into 1.67a by cross-methatesis reaction with allyltrimethylsilane (Scheme 
1.29).24 
 
 
  
 
 
 
Scheme 1.29 Kouklovsky’s example domino methatesis of nitroso Diels-Alder cycloadducts 1.1g 
 
The authors optimized the domino methatesis reaction up to 91% yield of isolated product. From a 
mechanistic point of view, the domino precursor 1.1g presents two independent sites of initiation 
for the ruthenium precatalyst: terminal double bond or internal unsaturation. No direct evidence in 
favor of one or the other was observed. 
 
 
1.1.5 Rearrangement reaction 
 
 In 1995 Procter was interested in the asymmetric cycloadditions of acyl-nitroso 
intermediates by the use of mandelic acid as the chiral controller. The problem was that the 
treatment of the cycloadducts deriving from cyclohexadiene with mild anhydrous acid resulted in 
removal of the chiral auxiliary, but the diene was cyclopentadiene in the same conditions they 
observed only decomposition of the bicyclic system. In this way, they found that the treatment of 
adduct 1.1h with  acid afforded the product 1.68 (proved by X-ray crystallographic determination, 
Scheme 1.30).25 
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Scheme 1.31 Acid treatment of bicyclic cycloadduct 1.1h 
 
The relative and absolute stereochemistry of 1.68 follow from the mechanistic rationale shown in 
Scheme 1.32; this scheme account for the success of aqueous acidic conditions compared to 
anhydrous conditions, the formation of a single diasteroisomers, the stereochemistry of this 
diasteroisomer and the apparent requirement for a double bond in the bicyclic system.  
 
 
 
 
 
 
 
 
 
 
Scheme 1.32 Proposed mechanism of acid treatment of bicyclic cycloadduct 1.1h 
 
An important aspect of this mechanism is the intermediacy of the tetrahedral intermediate 1.69, 
which can break down to 1.70; for the authors the equilibria are driven to the irreversible formation 
of hydrochloride 1.68. 
 Considering the Procter’s example, Miller developed the first example of rearrangement 
reaction for acylnitroso cycloadduct. In the first attempt the bicyclic system 1.1a was treated with 
35 mol% of p-toluenesulfonic acid in dichlorometane at room temperature affording the byclic 
hydroxamate 1.71 in low yield. After a large screening of of Brönsted acid, they found that 2 mol% 
of triflic acid was optimal for producing hydroxamate 1.71 (yield up to 72% in THF as solvent). No 
reaction was observed for higher homologues, while starting from the N-Cbz bicyclic 1.1e the 
hydroxamate was observed in low yield (Scheme 1.33).26 
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Scheme 1.33 Rearrangement reaction of acylnitroso cycloadducts 1.1a,e 
 
Based on the similar reaction reported by Procter, the authors proposed a similar mechanism 
(Scheme 1.34). They proposed that protonation of the acylnitroso cycloadduct yielded species 1.72 
and/or 1.73. The protonated species 1.73 could result in the loss of the –Boc protecting group, but  
this kind of product was not observed. The cleavage of C-O bond of species 1.72 resulted in the 
cationic species 1.74, which upon intramolecular cyclization afforded compound 1.75; the 
subsequent loss of isobutylene produced the hydroxamate 1.71 and regenerated the acid catalyst. 
The difficulty of losing the benzyl group accounted for the low yield of hydroxamate 1.71.  
 
 
 
 
 
 
 
 
 
Scheme 1.34 Proposed mechanism by Miller for the  rearrangement reaction of acylnitroso 
cycloadducts 1.1a 
 
Procter had also described the formation of a nitrone from treatment of mandelic acid-derived 
cycloadducts under acqueous condition. Miller tried to obtain the nitrone using catalytic condition 
explored for the others cycloadducts 1.1d,e in acid-anhydrous conditions; the desiderable product 
was obtained only for the cycloadducts 1.76 in low yield. A possible explanation for why nitrone 
1.76 was recovered from the reaction mixture may be attributed to the greater stability of nitrone 
1.76 due the resonance stabilization (Scheme 1.35). 
 
 
 
 
Scheme 1.35 Nitrone species formed 
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1.2 Results and discussion 
 
1.2.1 Copper-catalyzed ring-opening of [2.2.2]acylnitroso cycloadducts 
 
 As reported in the Introduction, the use of heterobicyclic templates to obtain 
cycloaliphatic compound in a regio- and stereoselective way was a valuable strategy in organic 
synthesis. Recently, many efforts have been devoted to the nucleophilic ring-opening of hetero 
Diels-Alder[2.2.1]-bicyclic adducts as an efficient strategy toward the synthesis of functionalized 
cyclopentenes. However, litte interest can be found in analogous reactions involving the less 
strained [2.2.2]-cycloadducts inspite of the possibility to access valuable nitrogen-substituted 
cyclohexenes by their ring opening. The ring opening of [2.2.2]-acylnitroso adducts is more often 
effected by N-O bond cleavage to give amino alcohols. On the other hand, their nucleophilic ring-
opening has been realized so far only with heteronucleophiles (alcohols, water) in Lewis acid 
catalyzed solvolytic conditions and showed a poor regiocontrol. The C-O bond cleavage is of 
particular interest because it allows the generation of a hydroxamic acid moiety, a key structural 
element in a wide range of biologically active compounds. 
 We focused our attention in particular on [2.2.2]-acylnitroso bicyclic systems N-Boc 1.2a 
or N-Cbz 1.2b protected in ring-opening reactions with organometallic reagents to give new 
substituted cyclohexenyl hydroxamic acids with a definite stereo- and regioselectivity (Scheme 
1.36). 
 
 
 
 
Scheme 1.36 Synthesis of acylnitroso cycloadduct 1.2a,b 
 
For this purpose, we examined the use of organozinc and organoaluminium reagents wich were 
found to be effective in the related alkylation of the [2.2.1]-bicyclic system. We used a combination 
of  Cu(OTf)2 and phosphorus-containing ligands, as the metal catalyst; the ligands examined are 
shown in Figure 1.1. 
 
 
 
Figure 1.1 Ligands used 
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In preliminary experiments, we observed the scarce reactivity (<5% conversion) of compounds 
1.2a and 1.2b with Et2Zn in presence of the catalytic amounts of copper- and phosphorus-
containing ligands. On the other hand, the Cu(OTf)2-rac Binap (L1)-catalyzed addition of 
organoaluminium reagents (3.0 equiv), such as Me3Al and Et3Al, to 1.2a gave a complex mixture 
of products with removal of the protecting group, while the addition to 1.2b proved to be rather 
slow.  
 
 
 
 
 
Scheme 1.37 General copper-catalyzed ring-opening reaction of acylnitroso cycloadducts 1.2a,b 
 
The [2.2.2]-acylnitroso adducts revealed a scarce reactivity when subjected to the same conditions 
previously used for the [2.2.1]-systems. In fact, when Et2Zn was used in the reaction with 1.2b we 
observed the formation of product 1.78 with only 20% conversion after 24 hours (Entry 1, Table 
1.1). A slighty better conversion to the product 1.78 was obtained with CH2Cl2 as the solvent. On 
the other hand we observed no reaction on the bicyclic system 1.2a with Et2Zn as the nucleophile. 
Then we turned our attention on the less reactive Me2Zn, as the organometallic reagents: 1.2a did 
not react whereas adduct 1.2b gave 75% conversion (entries 4 and 5, Table 1.1). 
 
Table 1.1 Reactivity of organozinc reagentsa 
 
Entry sub “R-M”, eq Time/T °C solvent conv (%)b   ratio 
1,2/1,4 
  1 1.2b Et2Zn, 3.0eq 24h, 0°C toluene   20     n.d 
  2 1.2b Et2Zn, 3.0eq 24h, 0°C CH2Cl2   33     n.d 
  3 1.2a Et2Zn, 3.0eq 24h, 0°C CH2Cl2    0      - 
  4 1.2a Me2Zn, 3.0eq 24h, 0°C CH2Cl2    0      - 
  5 1.2b Me2Zn, 3.0eq 24h, 0°C CH2Cl2    75   97/3 
          
aAll the reactions are carried out using Cu(OTf)2 (3.0 eq) and Monophos ligand (6.0 eq) under 
            argon atmosphere bBased on the 1H NMR analysis 
 
To overcome the scarce reactivity of 2.1a, after a large screening of reaction conditions, a solution 
was found by the addition of Sc(OTf)3 (10 mol%) as an external Lewis acid. In this way, we were 
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able to obtain the 1,2-adduct 1.78a with complete regio- and anti-stereoselctivity, albeit with a 
moderate conversion (Scheme 1.38). 
 
 
 
 
 
Scheme 1.38 Use of external Lewis acid in the copper-catalyzed ring-opening reaction of 
acylnitroso cycloadduct 2.1a 
 
A better result was obtained using rac-Et-Monophos L3 (12 mol%) as the ligand. In this case a 
conversion up to 70% after 24 h at room temperature and a complete regio- and stereoselectivity 
was observed. 
Then, we took in consideration the use of organoaluminium reagents: unfortunately, also in this 
case, we did not obtain a clear alkylation process for the N-Boc protected substrate. The use of 
Et3Al gave a mixture of products for adduct 1.2a, while for the N-Cbz protected substrate 1.2b a 
complete conversion to the corresponding addition products 1.78 and 1.79 in a 90/10 ratio (entries 
1 and 2, respectively, Table 1.2). Then we turned our attention on Me3Al as the organometallic 
reagents: 1.2a showed no reactivity, while adduct 1.2b gave 100% conversion, but with the 
formation of a mixture of products (entries 3 and 4, Table 1.2). 
 
Table 1.2 Reactivity of organoaluminium reagents in the copper-catalyzed ring-opening reaction 
of acylnitroso cycloadducts 1.2a,ba 
 
Entry sub “R-M”, eq Time/T °C solvent conv (%)b   ratio 
1,2/1,4 
  1 1.2a Et3Al, 3.0eq 24h, 0°C toluene    0      - 
  2 1.2b Et3Al, 3.0eq   1h, 0°C toluene   100   95/5 
  3 1.2a Me3Al, 3.0eq 24h, 0°C toluene    n.d      - 
  4 1.2b Me3Al, 3.0eq 24h, 0°C toluene   100     - 
          
aAll the reactions are carried out using Cu(OTf)2 (3.0 eq) and Monophos ligand (6.0 eq) under 
            argon atmosphere bBased on the 1H NMR analysis 
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 Aiming to have a clean 1,2-arylation of the bicyclic framework, we turned our attention 
to the mixed organoaluminium reagent obtained from a dialkylaluminium chloride reagent and 
PhLi (Scheme 1.39). 
 
 
Scheme 1.39 Preparation of mixed organoaluminium reagent 
 
So, we considered the use of PhAlMe2 in the ring opening of the 1.2a and 1.2b in combination with 
Cu(OTf)2 and rac-Binap as the catalytic system (Scheme 1.40); the reaction carried out on Boc-
protected substrate 1.2a, afforded  the corresponding addition products of type 1.78 and 1.79 in a 
moderate yield. Similar results were obtained with the Cbz-protected substrate 1.2b which showed 
a good 1,2-regioselectivity obtained in 55% yield (entries 1 and 2, Table 1.3). 
 
 
 
 
 
 
Scheme 1.40 Copper-catalyzed ring-opening of 1.2a,b with mixed organoaluminium reagent 
 
To our surprise, all the addition compounds derived from the attack of the methyl moiety, with only 
marginal formation (<7%) of the corresponding phenylated adducts. This result deviates from the 
normal, exclusive or predominant, addition of the phenyl moiety, which is the typical behaviour of 
this kind of reagents.  
 
Table 1.3 Reactivity of mixed organoaluminium reagentsa 
 
 
 
 
 
 
 
 
 
 
 
 
               
aAll the reactions are carried out using Cu(OTf)2 (3.0 eq) and rac-Binap (6.0 eq) under argon 
                atmosphere bBased on the 1H NMR analysis 
Entry sub “R-M”, eq Time/T °C conv (%)b   ratio 
 1,2/1,4 
  1 1.2a PhAlMe2, 3.0eq 16h, 0°C   100      
  2 1.2b PhAlMe2, 3.0eq 16h, 0°C    95    85/15 
  3 1.2a PhAlEt2, 3.0eq 48h, rt    0      - 
  4 1.2b PhAlEt2, 3.0eq 48h, rt    0      - 
  5 1.2a Me2AlCl, 3.0eq 48h, rt    0      - 
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Moreover, and without any reasonable explanations, when the transmetalation with PhLi was 
performed with the more common Et2AlCl or with MeAlCl2 no addition took place. In order to 
verify the transfer of the methyl moiety, in particular on adduct 1.2a, we repeated the reaction using 
Me2AlCl as the nucleophile, but no reaction product was observed (entry 5). The use of a mixed 
organoaluminium reagent was necessary to obtain a ring opening product. 
 As our main objective was to obtain an arylation of the bicyclic framework, we 
considered mixed organoaluminium obtained from dialkylaluminium chloride and PhMgBr. A 
transmetallation of this kind between Grignard reagents and chloroorgano alanes is not present in 
the literature; only in one paper we observed the combination of Grignard reagent and Et2AlCl used 
only as Lewis acid.27 
 
 
 
Scheme 1.41 Synthesis of mixed-organoaluminium reagents 
 
When we used the mixed organoaluminium reagent obtained in this way in combination with 
Cu(OTf)2 and rac-Binap as the catalytic system, with bicyclic adduct 1.2a, we obtained the ring 
opening arylated product 4 together with the removal of the protecting group (Scheme 1.42). 
 
 
 
 
 
Scheme 1.42 Arylation reaction and removal of protecting group 
 
To our surprise, this compound derived by attack of the phenyl moiety; when the same reaction wa 
repeated using Et2AlCl, a similar result was obtained. 
The propensity of the present addition reaction to stop halfway prompted us to explore a kinetic 
resolution of acylnitroso cycloadduct 1.2a and 1.2b. It is worth mentioning that [2.2.2]-acylnitroso 
cycloadducts in enantioenriched form have been obtained by means of a chiral auxiliary approach, 
probably because catalytic enantioselective intermolecular acylnitroso Diels-Alder reactions are 
very difficult processes. We explore the kinetic resolution using Me2Zn and Et3Al in combination 
with phosphoramidite ligands shown in Figure 1. The kinetic resolution of acylnitroso cycloadducts 
1.2a and 1.2b with Me2Zn using (3.0 mol%) of chiral ligand (R,R,R)-L4 showed modest but 
significant levels of enantiomeric enrichment (36% ee for 1.2a, entry 1 Table 1.3) and 70% ee for 
1.2b (entry 2). Diastereoisomeric phosphoramidite (S,R,R)-L5 gave an inferior result (14% ee at 
Chapter 1 
 
26 
s =
ln[(1-c) (1-ee)]
ln[(1-c) (1+ee)]
ee = enantiomeric excess
of the starting material
s =
ln[(1-c) (1+ee)]
ln[(1-c) (1+ee)]
ee = enantiomeric excess
of the product
c = conversion
38% conversion, entry 3). A significant increase in the efficiency of kinetic resolution was found in 
the reaction of Cbz-derivate 2.1b with 2.0 eq of Et3Al by using (R,R,R)-L4 (3.0 mol%) and carrying 
out the reaction at -20 °C (entry 4). We also tested the chiral phosphine ligand L2 in combination 
with organozinc and organoaluminium reagents, but a scarce reactivity and low levels of 
enantiomeric enrichment were obtained. A better result was found in the reaction of 1.2b with 
Me3Al by using (R)-Tol Binap (6.0 mol%) at 0 °C (entry 5, Table 1.4). 
 
Table 1.4 Kinetic resolution in the copper-catalyzed ring-opening reaction a 
 
Entry sub “R-M” ligand conv(%)b   ee (%)c 
  1 1.2a Me2Zn    L4    48     36 
  2 1.2b Me2Zn    L4    75     70 
  3 1.2a Me2Zn    L5    38     14 
  4 1.2b Et3Al    L4    42     49 
  5 1.2b Me3Al    L2    50     20 
                       
aAll the reactions are carried out using Cu(OTf)2 (1.5 mol%) and ligand 
                        (3.0 mol%) bBased on the 1H NMR of the crude spectra cHPLC stationary phase 
 
Considering that the above described reactions were carried out under kinetic resolution conditions, 
we decided to calculate the relative stereoselectivity (s) of the reaction conditions used. The relative 
stereoselectivity (s) expresses the ratio between the two different rate constants kR and kS related to 
the transformation of each enantiomer of the starting material to the corresponding product: 
s =  kR/ kS 
There will be enantiomeric enrichment, kR must be different of kS and this enrichment will be 
greater when is large the difference between the two rates. In one case, purely ideal, if KR/ KS = ∞, 
we will observe the higher enantiomeric enrichment for the product and for the starting material, if 
the reaction is stopped at 50% conversion and if only one of two enantiomers of the starting 
material reacts while the other is recovered unchanged. The relative stereoselectivity can be 
calculated by knowing the degree of conversion of the reaction and the enantiomeric level of the 
product and/or of the substrate. 
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We calculated the relative stereoselectivity on the base of the conversion and ee of the acylnitroso 
cycloadduct 1.2a,b and we found the best result for the reaction of Cbz-derivate 1.2b with 2.0 
equivalent of Et3Al (s = 8.3). 
 Thus, the overall reactivity of organozinc and organoaluminium reagents in the absence 
or in the presence of copper-catalyst showed to be rather poor, with unsatisfactory yields of 
substituted cyclohexenyl hydroxamic acids. 
In order to have a more efficient and versatile entry to alkylated cyclohexenyl hydroxamic acids, 
we also examined the reactions of Grignard reagents with [2.2.2]-cycloadducts. In preliminary 
experiments, we found that the addition of 3.0 eq of MeMgBr in Et2O to 1.2a and 1.2b in CH2Cl2 at 
0°C and then 18 h at room temperature, gave a mixture of methylated adducts of type 1.78 and 1.79 
with a preference for 1,4-addition adducts and consistent amounts (22% for 1.2a and 43% for 1.2b) 
of the corresponding deprotected bicyclic oxazines. The N-deprotected pathway and the presence of 
minor amounts of other methylated adducts were suppressed when the reaction was carried out in 
the presence of catalytic amounts of Cu(OTf)2 (5 mol%) in combination with rac-Binap L1 (6.0 
mol%). In these reaction conditions, the two regioisomeric adducts 1.78 and 1.79 were obtained as 
the only reaction products (Scheme 1.43).28 
 
 
 
 
 
 
Scheme 1.43 Copper-catalyzed ring-opening of acylnitroso cycloadducts 1.2a,b with Grignard 
reagents 
 
Our efforts concentrated on N-Boc derivative 1.2a because the corresponding alkylated adducts 
were separable by chromatographic procedure. When the reaction with MeMgBr was carried out on 
acylnitroso N-Boc protected 2.1a in the presence of Cu(OTf)2 and rac-Binap L1 we observed the 
two regioisomers type 1.78a and 1.79a as shown in Table 1.5 (entry 1). An increase of the 1,4-
adducts 1.79a, deriving from a direct anti-SN2 cleavage of the C-O bond, was observed when the 
alkylation reaction was performed at -78 °C (entry 2, Table 1.5). A similar result was obtained also 
by using MeMgCl as the alkylating agent (entry 3). The maximization of the anti-SN2 addition 
pathway was achieved by means of chlorine-based Grignard reagents (MeMgCl) by using 
anhydrous CuCl2 as the copper salt (entry 4, Table 1.5). With our surprise, by switching to the 
corresponding iodo-derived Grignard reagent (MeMgI) dramatically reversed the regioselectivity in 
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favour of the 1,2-adduct 1.78a that derives from an anti-SN2’-addition cleavage of the C-O bond 
(entry 5). 
 
Table 1.5 Reactivity of acylnitroso N-Boc protected 1.2a with Grignard reagentsa 
 
entry temp (°C) Grignard 1,2/1,4 ratio yield (%)c 
  1  0 to rt MeMgBr        33/67 (1.78a) 18, (1.79a) 45 
  2   -78 MeMgBr        17/83 (1.78a) 10, (1.79a) 65 
  3        -78 MeMgCl        15/85 (1.79a) 68 
  4b   -78 MeMgCl         7/93 (1.78a) 75 
  5   0 to rt MeMgI        93/7 (1.78a) 85 
  6   -78 EtMgBr        80/20 (1.78b) 65 
  7b   -78 EtMgCl        33/67 (1.79b) 52 
  8    -78 EtMgI        94/6 (1.78b) 85 
  9       0 to rt EtMgI        98/4 (1.78b) 94 
 10b   -78 iPrMgCl                    60/40 (1.78c) 45, (1.79c) 26 
 11   -78 PhMgBr       30/70 (1.78d) 18, (1.79d) 40 
 12   0 to rt PhMgI       66/34 (1.78d) 45, (1.79d) 22 
          aAll the reactions are carried out using Cu(OTf)2 (5.0 mol%), Binap (6.0 mol%), 
           Grignard reagent (3 eq) in CH2Cl2 b Anhydrous CuCl2 (5 mol%) was used. 
         
c
 Isolated yields of the indicated product after chromatographic purification 
 
The use of different Grignard reagents showed a predominant SN2-addition pathway (1,4-addition 
adducts, type 1.79), revealing the complex nature of the catalytic system. However, the addition of 
iodo-based Grignard reagents was still highly regioselective (entries 8 and 9, Table 1.5). Aryl 
nucleophiles reacted efficiently, but displayed poor regioselectivity. 
We analyzed also the distribution of products in the reaction of the N-Cbz system 1.2b, even if the 
corresponding alkylated products were not separable. The results, shown in Table 1.6 were similar 
to those obtained for the cycloadduct N-Boc protected 1.2a, with the only difference that 1.2b 
turned out to be more reactive (reaction time is shorter). When the reaction with MeMgBr was 
carried out in a catalytic system formed by Cu(OTf)2 and rac-Binap L1, we observed the formation 
of both corresponding regioisomers type 1.78 and 1.79 (entry 1, Table 1.6). Also in this case, a 
lower temperature has an influence in increasing amount of the 1,4-adduct of type 1.79 (entry 2), 
while the reaction with CuCl2 and MeMgCl did not show a remarkable regioselectivity, as found in 
the case of 1.2a. The use of iodo Grignard reagent MeMgI dramatically reversed the position 
selectivity of the methyl addition in favour of the 1,2-adduct (entry 4), similar results are obtained 
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with EtMgI (entries 5 and 6). Aryl nucleophiles were not much investigated, but shown a good 
reactivity but a poor regioselectivity. 
 
Table 1.6 Reactivity of substrate 1.2b with Grignard reagentsa 
 
 
 
 
 
 
 
 
        
                                  aAll the reactions are carried out using Cu(OTf)2 (5.0 mol%), Binap  
                      (6.0 mol%),Grignard reagent (3 eq) in CH2Cl2 bAnhydrous CuCl2  
                      (5 mol%) was used cCalculated by 1H NMR analysis 
 
A critical influence of the type of halogen of a Grignard reagent on the regioselectivity of the 
addition process has been described elsewhere.29 However, to the best of our knowledge, a 
regioalternating control of this type here observed has not previously obtained in ring-opening 
reactions. In this way, it was possible to change the native uncatalyzed SN2 regioselectivity 
observed with methyl Grignard reagents and to obtain with a high regioselectivity the 
corresponding 1,2-adducts deriving from a SN2’ pathway.  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.44 Proposed mechanism for the copper-catalyzed ring opening of acylnitroso 
cycloadducts 2.1,b with Grignard reagents 
entry temp (°C) Grignard 1,2/1,4  ratio c 
1 0 MeMgBr 30/70 
2 -78 MeMgBr 16/84 
3b -78 MeMgCl 15/85 
4 0 MeMgI 93/7 
5 -78 EtMgI 90/10 
6 0 EtMgI 98/2 
7 0 PhMgI 53/47 
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Probably, the influence of the halide stems from the relative coordinating potency to copper within 
the magnesium cuprate structure (RCuMgXY formed in situ) which competes with the coordination 
of the phosphine ligand to copper. Thus, the use of an uncatalyzed Grignard addition and/or the use 
of harder chlorine-based Grignard reagents in combination with copper(II) salts preferentially gave 
1,4-adducts of type 1.79 (path a, Scheme 1.44). The decreased acidity of the corresponding 
magnesium salts, makes the attack of iodomagnesium cuprate (RCuMgIY) at the double bond 
possiblewith high regioselectivity affording the corresponding 1,2-adduct of type 1.78 (path b). 
 
 
2.2.2 Rearrangement reactions 
 
 The rearrangement reactions of bicyclic system have been highly developed in recent 
years by various research groups because these reactions allow the construction of interesting 
compounds, which can lead, by further different transformations, to the synthesis of biologically 
active molecules. 
Concerning the rearrangement of bicyclic hydrazines, Lautens and our research group recently has 
shown that simple copper(II) catalysts promote the rearrangement of N-Boc [2.2.1]-bicyclic 
hydrazines to give bicyclic carbazate (see Chapter 2).30 
 Recent findings by Miller have shown that it was possible to obtain rearrangement 
products starting from bicyclic cycloadduct 1.1a in acid-mediated condition, in particular by the 
use of TfOH (5 mol%) to give the bicyclic hydroxamate 1.71 up to 72% yield (Scheme 1.45). 
 
 
 
 
Scheme 1.45 Rearrangement of acylnitroso cycloadducts 1.1a,e in Miller condition 
 
On the other hand, N-Cbz protected bicyclic system 1.1e showed a scarce reactivity because the 
carbobenzyloxy group can not be lost very easily. Also our research group developed a 
rearrangement of bicyclic cycloadduct 1.1a in a copper-catalyzed reaction; in this way the 
rearrangement product 1.71 was obtained in a quantitative yield (Scheme 1.46). 
 
 
 
 
Scheme 1.46 Rearrangement of acylnitroso cycloadducts 1.1a  in copper-catalyzed condition 
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 In preliminary experiments using 12 mol% of Cu(OTf)2/rac-Binap complex as catalysts 
in CH2Cl2, the starting material [2.2.2]-acylnitroso cycloadduct 1.2a was recovered unchanged 
from the reaction. In order to address the scarce reactivity of [2.2.2]-acylnitroso cycloadduct 1.2a 
and 1.2b and to effect their rearrangement, we screened a variety of conditions using copper and 
other Lewis acid as catalysts or promoted agents, a variety of solvent (CH2Cl2, toluene, THF, 
benzene), phosphine-based ligand and by carrying out the reaction at different temperature. 
Unfortunately, in many case we recovered the unreacted starting material, or obtained products 
deriving from degradation of the cycloadducts and subsequent formation of complex reaction 
mixtures. 
After extensive examination of the reaction conditions, we found that a stoichiometric amounts of 
Cu(OTf)2 in combination with 2 eq of PPh3 in benzene at 40 °C could effect cleanly the 
rearrangement of N-Boc protected derivative 1.2a (>95% conversion) (Scheme 1.47). 
 
 
 
 
 
Scheme 1.47 Rearrangement and aqueous work-up 
 
The use of benzene as the reaction solvent at 40°C was crucial for obtaining complete conversion 
of 1.2a and to minimizing the formation of undesidered by-products. On the other hand, the Cbz-
protected system 1.2b always afforded complex mixtures of products that were not purified (this 
result was in accordance with Miller reports). Interestingly, the same reaction carried out on N-Boc 
substituted 1.2a without the phosphine ligand, afforded only the products deriving from a 
degradation of the cycloadduct indicating a positive role for the copper-phosphine complex. After 
an aqueous work-up necessary to remove the copper salts, the 1H NMR examination of the crude 
mixture showed the presence of [5,6]-bicyclic hydroxamate 1.81 together with large amounts of 
PPh3 and OPPh3 (Scheme 1.47). Unfortunately, every attempt to purify hydroxamate 1.81 by 
chromatographic purification was unsuccessful and only Ph3PO was recovered. Using iron-free 
silica gel, it was possible to isolate hydroxamate 1.81 but still in very low yields and in a mixture 
with Ph3PO. Considering the Ph3PO is known to be a strong hydrogen acceptor,22-31-32 the presence 
of Ph3PO in the chromatographated hydroxamata 1.81 was supposed to be due to the formation of a 
strong hydrogen bond between 1.81 and Ph3PO as shown in Figure 1.2. 
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Figure 1.2 Complex between product and PPh3 
 
The results from an appropriate 31P NMR and IF analysis confirmed this scenario: the 31P NMR 
analysis shows a signal at -0.1, whereas the free triphenylphosphine gave a peak at -5 and the 
triphenylphosphine oxide gave a peak at +27, thereby demonstrating that there were neither the 
TPPO triphenylphosphine nor as such in the product, this masking effect can explain that TPPO 
was complexed with the compound obtained by reducing the characteristics of the phosphorus-
oxygen double bond. It was interesting to find that omitting the aqueous work-up, just filtrating on 
a pad of Celite and evaporation under vacuum, the reaction outcome changed considerably. In this 
case, the 1H NMR examination of the crude mixture showed a ca 80:20 crude mixture of cis-allylic 
hydroxylamine, such as 1.82, which cannot be obtained by other means considering its reactive and 
oxidative labile stage. The formation of stoichiometric amounts of triphenylphosphine oxide under 
this reaction condition complicated the purification of allylic hydroxylamine 1.82 and cyclic 
hydroxamate 1.81.. To try to obviate this problem, the rearrangement was carried out using a 
polymer-bound PPh3. In this case the best results were obtained in refluxing CH2Cl2 even if 
benzene was also a suitable solvent for the reaction (Scheme 1.48).32 
 
 
 
 
 
Scheme 1.48 Rearrangement reaction with polymer-bound PPh3 
 
A simple filtration allowed the obtainment of compound 1.82 (81%) and 1.81 (19%) free from 
triphenylphosphine oxide. The formation of polymer-bound triphenylphosphine oxide was detected 
by solid-state 31P NMR of the residual resin (broad peak +33.1 ppm). The 31P NMR spectra in solid 
phase were recorded on a Varian Infinity Plus 400 at 100.6 MHz equipped with a 7.5-mm CPMAS 
probe. The spectrum was recorded for excitation of the 31P nuclei in conditions of high-power 
decoupling of 1H. From this spectrum we observed a peak at +33 ppm relative to the oxidized 
triphenylphosphine, an indication that the triphenylphosphine in this type of reactions, Cu(OTf)2-
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catalyzed underwent an oxidation reaction. This result in addition to the fact that stoichiometric 
amounts of salts of copper (II) salt are required, would indicate that the process cannot be catalytic 
in nature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Spectrum of the resin in solid phase resulting from the transposition reaction 
 
A simple acetylation of the mixture of 1.81 and 1.82, using an excess of acetic anhydride in 
anhydrous pyridine afforded a mixture of corresponding N-acetate 1.83 and 1.84, which could be 
separate by chromatographic purification (Scheme 1.49). 
 
 
 
 
 
Scheme 1.49 Simple acetylation reaction of rearrangement products 1.81 and 1.82 
 
Interestingly, we were unable to acetylate the allylic alcohol moiety, probably due to the strong 
hydrogen bond which is formed between the two hydroxylic functionalities, as tentatively shown in 
Figure 1.4. Use of DMAP, to force the acetylation of allylic –OH group, afforded a complex 
reaction mixture. 
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Figure 1.4 Hydrogen bond formed in the allylic hydroxylamine 
 
The polymerization of THF when used as the reaction solvent suggested a stepwise mechanism 
with involvement of open cationic species (Scheme 1.50). Probably, the copper-triphenylphosphine 
catalyst promotes the C-O bond cleavage to give an allylic carbocation which undergoes 
intramolecular cyclization by the former carbonyl oxygen with concomitant loss of isobutene. 
 
 
 
 
 
 
 
 
Scheme 1.50 Proposal reaction mechanism for the synthesis of 1.81 and 1.82 
 
When the cyclization occurs at the distal position (path a) the cyclic 1,4-hydroxamate intermediate 
1.86 decarbonylates under the reaction condition affording the allylic hydroxylamine 1.82. The 
direct observation by FT-IR of the benzene solution used as the reaction medium of a strong v(CO) 
at 1956 cm-1 supported the proposed mechanism (IR spectra were recorded on a Mattson 3000 FT-
IR using a cell with a path length of 0.1 mm and CsI windows). In fact, this absorption is typical of 
a bridging CO ligand with Cu(I) and might explain the decarbonylation of intermediate 1.86 to give 
1.82 as the main reaction product.33 The alternative cyclization pathway is a formal [3,4]-
sigmatropic rearrangement (path b) and affords cyclic hydroxamate 1.81 as the minor  reaction 
product. 
With the aim to verify the reaction conditions also in other acylnitroso Diels-Alder adducts, we 
prepared the two acylnitroso systems 1.89 and 1.90 deriving from 1,3-butadiene 1.87 and 2,3-
dimethyl-1,3-butadiene 1.88, respectively (Scheme 1.51).34 
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Scheme 1.51 Synthesis of different Diels-Alder cycloadducts 1.89 and 1.90 
 
The subsequent reaction in the copper(II)/triphenylphosphine polymer bound condition, afforded 
after 24 h at 40 °C in CH2Cl2 the rearrangement product in a quantitative yield. Also in this case all 
attempts to purify hydroxamates 1.91 and 1.92 by chromatographic purification were unsuccessful, 
so also in this case, a simple acetylation reaction was achieved. 
 
 
 
 
 
Scheme 1.52 Rearrangement of acylnitroso systems 1.89 and 1.90 and acetylation reactions of 
1.91 and 1.92  
 
Also in this case we were unable to acetylate the allylic alcohol moiety, probably due to the strong 
hydrogen bond which is formed between the two hydroxylic functionalities (Figure 1.5). 
 
 
 
 
 
Figure 1.5 Hydrogen bond formed in the rearrangement products 1.91 and 1.92 
 
 
 
 
 
Chapter 1 
 
36 
1.3 Experimental section 
 
General: All reactions dealing with air or moisture sensitive compounds were carried out under an 
argon atmosphere in oven dried 10 mL or 25 mL Schlenk tubes. Analytical TLC were performed 
on Alugram SIL G/UV254 silica gel sheets with detection by exposure to ultraviolet light (254 nm) 
and/or by immersion in an acidic staining solution of p-anisaldeyde in EtOH. Silica gel 60 
(Macherey-Nagel 230-400 mesh) was used for flash chromatography. 
 
Instrumentation: 1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. 
Chemical shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as 
the internal standard (deuterochloroform: δ 7.26, deuteroacetonitrile: δ 1.94). 13C NMR spectra 
were recorded on a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton 
decoupling. Chemical shifts are reported in ppm downfield from tetramethylsilane with the solvent 
resonance as the internal standard (deuterochloroform: δ 77.0, deuteroacetonitrile: δ 1.32). 
Melting points were determined on a Kofler apparatus and are uncorrected. 
Analytical high performance liquid chromatography (HPLC) were performed on a Waters 600E 
equipped with Varian Prostar 325 detector using Daicel Chiralcel OD-H column with detection at 
254 nm. 
Mass spectra ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped 
with a software Xcalibur. 
Elemental analyses were performed Elemental analyses were performed with a Carlo Erba DP200 
instrumentation. 
 
Chemicals: All reagents were purchased as commercially available sources unless noted otherwise. 
Solvents for extraction and chromatography were distilled before use.  
 
Synthesis of 1,3-cyclohexadiene acylnitroso cycloadducts 1.2a and 1.2b.  
Cycloadducts 1.2a,b were prepared starting from the corresponding hydroxamic acids and 1,3-
cyclohexadiene following a previously described procedure. 
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Experimental Procedures 
 
General procedure for the preparation of Grignard Reagents. 
In a three-necked round bottomed flask, a warmed (40 °C) suspension of magnesium turnings (1.2 
equiv) in anhydrous Et2O was treated with an ethereal solution of the appropriate alkyl or aryl 
halide (1 equiv). At the end of the addition, the solution of the corresponding Grignard reagent was 
gently refluxed for 30 min. 
 
General procedure for the preparation of PhAlMe2. 
A solution of PhLi (0.6 mmol, 0.32 mL of a 1.9 M solution in Et2O) was poured in freshly distilled 
dichloromethane (0.60 mL). To this solution, dimethylaluminium chloride (0.6 mmol, 0.60 mL of a 
1 M solution in hexanes) was then added dropwise under an argon atmosphere at 0 °C. The 
resulting mixture was stirred for 40 min at 0 °C. 
 
Typical procedure for copper-catalyzed Kinetic Resolution of 1.2a with Me2Zn (entry 1, Table 
1.4).  
In a dry Schlenk tube Cu(OTf)2 (1.81 mg, 0.003 mmol) and L4 (3.4 mg, 0.006 mmol) in CH2Cl2 
(1.0 mL) were stirred for 15 min at room temperature. Bicyclic oxazine 1.2a (42.0 mg, 0.20 mmol) 
in  CH2Cl2 (1.0 mL) was added and the mixture was stirred at room temperature. The mixture was 
cooled to 0 °C and Me2Zn (0.60 mmol, 0.30 mL of a 2.0 M solution in toluene) was added followed 
by Sc(OTf)3 (9.84 mg, 0.02 mmol). The mixture was allowed to stir and gradually warmed to room 
temperature overnight. After 18 h the mixture was quenched with NH4Cl (2.0 mL) and diluted with 
Et2O (5 mL). The aqueous phase was separated and extracted further with Et2O (5 mL) and CH2Cl2 
(5 mL). Combined organic fractions were dried over MgSO4 and filtered. Evaporation of the 
organic solution afforded a crude reaction product (48% conversion). The product 1.78 was isolated 
(18 mg, 40%) by column chromatography eluting with hexanes/AcOEt 85:15, as an oil. See below 
for spectral data of 1.78. 
The enantiomeric excess of unreacted 1.2a was determined by HPLC analysis performed on a 
Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile phase: hexane/isopropanol 93/7, 
retention times (min): 16.4 (minor stereoisomer), 24.8 (12.7 major stereoisomer). 
 
Typical procedure for copper-catalyzed Kinetic Resolution of 1.2b with Et3Al (entry 4, Table 
1.4). 
In a dry Schlenk tube was charged, under argon protection, with Cu(OTf)2 (1.81 mg, 0.003 mmol) 
and L4 (3.4 mg, 0.006 mmol) in CH2Cl2 (1.0 mL) was added and the mixture was stirred for 15 min 
at room temperature. Bicyclic oxazine 1.2b (49.0 mg, 0.20 mmol) in CH2Cl2 (1.0 mL) was added 
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and the mixture was stirred at room temperature. The mixture was cooled to -20°C and then Et3Al 
1.9M in toluene (0.32 mL, 0.60 mmol) was dropwise added. The mixture was allowed to stir for 24 
hours at -20 °C. After this time it was quenched with NH4Cl (2.0 mL)  and the solution was diluted 
with Et2O (5 mL). The aqueous phase was separated and extracted further with Et2O (5 mL) and 
CH2Cl2 (5 mL). Combined organic fractions were dried over MgSO4 and filtered. Evaporation of 
the organic solution afforded a crude reaction mixture from which compound benzyl (1S*,2S*)-2-
ethylcyclohex-3-enyl(hydroxy)carbamate (1.78e) was isolated (15.7 mg, 30% yield) by column 
chromatography eluting with hexanes/AcOEt 85:15, as an oil. 
1H NMR (250 MHz, CDCl3) δ 0.84 (t, 3H, J= 7.1 Hz); 1.21-1.39 (m, 1H); 1.13-1.78 (m, 4H); 1.86-
2.19 (m, 2H); 2.45-2.61 (m, 1H); 3.89 (dt, 1H, J= 3.5, 12.1 Hz); 5.12-5.27 (m, 2H); 5.47-5.61 (m, 
2H); 7.29-7.42 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 9.9, 24.2, 25.3, 26.0, 37.9, 58.5, 67.8, 126.3, 128.0, 128.2, 128.5, 
129.5, 136.0, 157.3. 
Anal. Calcd. For C16H21NO3: C, 69.79%; H, 7.69%; N, 5.09%. Found: C, 69.87%; H, 7.58%; N, 
5.01%. 
The enantiomeric excess of unreacted 1.2b was determined by HPLC analysis performed on a 
Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile phase: hexane/isopropanol 95/5, 
retention times (min): 31.8 (minor stereoisomer), 37.5 (12.7 major stereoisomer). 
 
General procedure for copper-catalyzed ring opening with Grignard reagents (Table 1.5 and 
Table 1.6). 
In a dry Schlenk tube Cu(OTf)2 (7.24 mg, 0.02 mmol) or CuCl2 (2.70 mg) and rac-Binap (15.0 mg, 
0.024 mmol) in CH2Cl2 (2.0 mL) were stirred for 15 min at room temperature. Then a solution of 
cycloadduct 1.2a (84.0 mg, 0.40 mmol) in CH2Cl2 (2.0 mL) was added. The mixture was cooled at 
0 °C or –78 °C (see Table) and ethereal solution of the Grignard reagent (1.2 mmol) was added. 
The reaction was followed by TLC (with hexanes/AcOEt 6:4) and was quenched with NH4Cl (2.0 
mL) after 18 h (>95% conversion). The solution was diluted with Et2O (5 mL). The aqueous phase 
was separated and extracted further with Et2O (5 mL) and CH2Cl2 (5 mL). Combined organic 
fractions were dried over MgSO4  and filtered. Evaporation of the organic solution afforded a crude 
mixture from which the 1,2- and 1,4-adducts were isolated by chromatography on silica gel (eluant 
hexanes/AcOEt from 9/1 to 8/2). 
In general, 1,2-adducts eluted first by chromatography on SiO2 (Rf major), and 1,4-adducts eluted 
secondly (Rf minor). The corresponding Rf were in the 0.4-0.6 range. 
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Spectral data 
     
tert-Butyl hydroxy((1S*,2S*)-2-methylcyclohex-3-enyl)carbamate (1.78a). 
Colorless oil. 1H NMR (250 MHz, CDCl3) δ 0.97 (d, 3H, J= 7.0 Hz); 1.47 (s, 9H); 
1.73-1.80 (m, 1H); 1.89-2.06 (m, 1H); 2.11-2.20 (m, 2H); 2.58-2.69 (m, 1H); 3.65 
(ddd, 1H, J= 3.1, 9.5, 12.6 Hz); 5.41-5.50 (m, 1H); 5.58-5.64 (m, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 18.6, 25.6, 26.0, 28.3, 32.4, 61.4, 81.5, 125.4, 132.1, 156.9. 
Anal. Calcd. For C12H21NO3: C, 63.41%; H, 9.31%; N, 6.16%. Found: C, 63.34%; H, 9.23%; N, 
6.12%. ESI-MS: 250.07 (M+Na+). 
 
tert-Butyl hydroxy((1R*,4R*)-4-methylcyclohex-2-enyl)carbamate (1.79a). 
Colorless oil. 1H NMR (250 MHz, CDCl3) δ 0.97 (d, 3H, J= 7.1 Hz); 1.48 (s, 9H); 
1.80-1.97 (m, 3H); 2.12-2.38 (m, 2H); 4.49-4.57 (m, 1H); 5.47-5.53 (m, 1H); 5.68-
5.74 (m, 1H). 13C NMR (62.5 MHz, CDCl3) δ 21.6, 25.1, 28.3, 30.1, 30.6, 56.2, 82.0, 
126.2, 127.5, 156.0. 
Anal. Calcd. For C12H21NO3: C, 63.41%; H, 9.31%; N, 6.16%. Found: C, 63.31%; H, 9.28%; N, 
6.10%. 
 
Benzyl hydroxy((1S*,2S*)-2-methylcyclohex-3-enyl)carbamate (1.78e). 
Oil. 1H NMR (250 MHz, CDCl3) δ 0.97 (d, 3H, J= 7.1 Hz); 1.71-1.77 (m, 1H); 
1.83-2.03 (m, 1H); 2.14-2.19 (m, 2H); 2.62-2.65 (m, 1H); 3.72-3.87 (m, 1H); 5.19-
5.29 (d, 2H, J= 2.2 Hz); 5.44-5.50 (m, 1H); 5.52-5.58 (m, 1H); 7.29-7.40 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 18.5, 25.4, 25.9, 29.7, 32.2, 61.5, 67.9, 125.5, 127.0, 128.0, 128.2, 
128.3, 128.5, 131.8, 136.0, 157.4. 
Anal. Calcd. For C15H19NO3: C, 68.94%; H, 7.33%; N, 5.36%. Found: C, 68.81%; H, 7.23%; N, 
5.25%. 
 
tert-Butyl (1S*,2S*)-2-ethylcyclohex-3-enyl(hydroxy)carbamate (1.78b). 
Grey solid. M.p= 83-84 °C. 
1H NMR (250 MHz, CDCl3) δ 0.87 (t, 3H, J= 7.2, 14.6 Hz); 1.21-1.33 (m, 1H); 
1.43-1.61 (m, 10H); 1.70-1.77 (m, 1H); 1.89-2.04 (m, 1H); 2.09-2.18 (m, 2H); 2.52-2.60 (m, 1H); 
3.79 (dt, 1H, J= 3.4, 10.8 Hz); 5.49-5.59 (m, 1H); 5.62-5.67 (m, 1H); 7.45-8.00 (br s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 9.9, 24.0, 25.5, 26.0, 28.3, 38.0, 58.1, 81.4, 126.3, 129.7, 156.8 
Anal. Calcd. For C13H23NO3: C, 64.70%; H, 9.61%; N, 5.80%. Found: C, 64.72%; H, 9.56%; N, 
5.75%. 
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tert-Butyl (1R*,4R*)-4-ethylcyclohex-2-enyl(hydroxy)carbamate (1.79b). 
Light yellow oil. 1H NMR (250 MHz, CDCl3) δ 0.91 (t, 3H, J= 7.2, 14.5 Hz); 1.21-
1.41 (m, 4H); 1.48 (s, 9H); 1.84-2.03 (m, 3H); 4.52-4.56 (m, 1H); 5.52-5.55 (m, 1H); 
5.76-5.88 (m, 2H). 
13C NMR (62.5 MHz, CDCl3) δ 11.1, 25.1, 28.0, 28.3, 28.9, 36.6, 56.3, 82.1, 126.6, 136.1, 156.1. 
ESI-MS: 264.3 (M+Na+). 
 
tert-Butyl hydroxy((1S*,2S*)-2-isopropylcyclohex-3-enyl)carbamate (1.78c). 
Light yellow oil. 1H NMR (250 MHz, CDCl3) δ 0.77 (d, 3H, J= 6.8 Hz); 0.97 (d, 
3H, J= 6.8 Hz); 1.48 (s, 9H); 1.72-1.99 (m, 3H); 2.02-2.17 (m, 2H); 2.51-2.56 (m, 
1H); 3.91 (dt, 1H, J= 2.8, 10.5 Hz); 5.51-5.55 (m, 1H); 5.68-5.74 (m, 1H); 6.13-6.16 (br s, 1H, 
OH). 
13C NMR (62.5 MHz, CDCl3) δ 16.5, 20.8, 25.4, 26.3, 26.7, 28.3, 42.7, 56.7, 81.5, 126.4, 127.3, 
156.5. 
Anal. Calcd. For C14H25NO3: C, 65.85%; H, 9.87%; N, 5.49%. Found: C, 65.90%; H, 9.76%; N, 
5.53%. 
 
tert-Butyl hydroxy((1R*,4S*)-4-isopropylcyclohex-2-enyl)carbamate (1.79c). 
Light yellow oil. 
1H NMR (250 MHz, CDCl3) δ 0.85-0.90 (m, 6H); 1.25-1.42 (m, 2H); 1.49 (s, 9H); 
1.77-1.89 (m, 3H); 1.92-2.03 (m, 1H); 4.52-4.53 (m, 1H); 5.58 (dd, 1H, J= 0.9, 10.9 
Hz); 5.78-5.82 (m, 2H, include OH). 
13C NMR (62.5 MHz, CDCl3) δ 19.1, 19.4, 24.6, 25.2, 28.3, 31.9, 41.3, 56.7, 82.1, 127.4, 134.8, 
157.2. 
ESI-MS: 278.3 (M+Na+). 
 
tert-Butyl hydroxy((1S*,2R*)-2-phenylcyclohex-3-enyl)carbamate (1.78d). 
Light yellow oil. 
1H NMR (250 MHz, CDCl3) δ 1.11 (s, 9H); 1.81-1.94 (m, 1H); 2.04-2.21 (m, 1H); 
2.28-2.38 (m, 2H); 3.80-3.89 (m, 1H); 4.01 (dt, 1H, J= 3.2, 10.5 Hz); 5.60-5.65 (m, 1H); 5.78-5.86 
(m, 1H); 6.17-6.41 (br s, 1H, OH); 7.18-7.30 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 25.6, 26.7, 27.8, 44.0, 61.0, 81.3, 126.6, 126.9, 128.3, 128.4, 130.0, 
143.2, 155.5 
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Anal. Calcd. For C17H23NO3: C, 70.56%; H, 8.01%; N, 4.84%. Found: C, 70.67%; H, 8.12%; N, 
4.68%. 
 
tert-Butyl hydroxy((1R*,4R*)-4-phenylcyclohex-2-enyl)carbamate (1.79d). 
1H NMR (250 MHz, CDCl3) δ 1.51 (s, 9H); 1.58-1.70 (m, 1H); 1.90-2.21 (m, 3H); 
3.41-3.48 (m, 1H); 4.64-4.71 (m, 1H); 5.73-5.78 (m, 1H); 5.90-5.95 (m, 1H); 6.04-
6.23 (br s, 1H, OH); 7.15-7.39 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 25.4, 28.3, 32.1, 41.9, 56.0, 82.0, 126.3, 127.4, 128.0, 
128.5, 134.7, 145.7, 157.2 
ESI-MS: 312.4 (M+Na+). 
 
 
Rearrangement reaction 
 
Experimental procedure for the polymer supported rearrangement (Scheme 1.48) 
A 50 mL dried Schlenk tube was charged, under argon protection, with Cu(OTf)2 (362 mg, 1.0 
mmol) and the PS-PPh3 (667 mg, 2.0 mmol. 3.0 mmol/g loading) in CH2Cl2  (5 mL) was added and 
the mixture was stirred for 15 min at room temperature. Cycloadduct 1.2a (210 mg, 1.0 mmol) in 
CH2Cl2 (5.0 mL) was added and the mixture was stirred at 40 °C. After 24h the reaction was 
filtered on a sintered-glass Büchner funnel washing with minimal amounts of CH2Cl2 and AcOEt. 
After evaporation of the solvent under vacuum a crude greenish oil was obtained (300 mg) 
containing a mixture of compounds 1.81 (19%) and 1.82 (81%). Compound 1.82: 1H NMR (250 
MHz, CD3CN) δ 1.51-1.65 (m, 2H); 2.13-2.41 (m, 2H); 4.60-4.67 (m, 1H, CHOH); 4.99-5.06 (m, 
1H, CHN); 6.59-6.66 (m, 1H); 6.91 (dddd, 1H, J= 0.9, 1.5, 2.5, 5.8 Hz); 9.38 (bs, 1H); 10.21, (bs, 
1H). 13C NMR (62.5 MHz, CDCl3): δ= 19.5, 20.2, 49.8, 71.7, 128.3, 136.2. Compound 1.81: IR v 
3504, 1739 cm-1. 1H NMR (250 MHz, CD3CN): δ 1.82-2.13 (m, 2H),; 2.15-2.32 (m, 2H); 3.75-3.94 
(m, 1H, CHO); 4.67-4.69 (m, 1H, CHN); 5.83-5.94 (m, 1H); 6.15-6.24 (m, 1H). 13C NMR (62.5 
MHz, CD3CN): δ= 19.5, 26.1, 57.3, 69.5, 122.1, 134.6, 159.9,  
 
 
N-Hydroxy-N-((1S*,4R*)-4-hydroxycyclohex-2-enyl)acetamide (1.84). 
In a 25 mL flask, the above crude mixture of 1.81 and 1.82 was dissolved in anhydrous 
pyridine (4.0 mL). After cooling at 0 °C, Ac2O (2.0 mL) was added dropwise. The 
reaction mixture was allowed to react for 16 hours at room temperature, then diluted 
with Et2O (20 mL), quenched with ice followed by aqueous NaHCO3  (5 ml). The dried (MgSO4) 
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organic phase gave after evaporation a crude oily mixture that was purified by column 
chromatography eluting with hexanes/AcOEt 6:4 to give as the second eluting fractions the title 
compound (117 mg, 65% yield starting from 1.2a)
, 
as an oil. IR v 3472, 1656 cm-1.1H NMR (250 
MHz, CDCl3) δ 1.43-1.59 (m, 2H); 1.91 (s, 3H); 1.93-2.09 (m, 2H); 4.79-4.83 (m, 1H); 5.11-5.19 
(m, 1H); 6.52-6.70 (m, 2H). 13C NMR (62.5 MHz, CDCl3) δ 20.9, 21.1, 23.5, 46.2, 71.8, 131.2, 
133.0, 170.3. ESI-MS for C8H13NO3: 194.07 (M+Na+). 
 
(3aS*,7aR*)-2-oxo-4,5-dihydrobenzo[d]oxazol-3(2H,3aH,7aH)-yl acetate (1.83). 
In a 25 mL flask, the above crude mixture of 1.81 and 1.82 was dissolved in 
anhydrous pyridine (4.0 mL). After cooling at 0 °C, Ac2O (2.0 mL) was added 
dropwise. The reaction mixture was allowed to react for 16 hours at room 
temperature, then diluted with Et2O (20 mL), quenched with ice followed by aqueous NaHCO3  (5 
ml). The dried (MgSO4) organic phase gave after evaporation a crude oily mixture that was purified 
by column chromatography eluting with hexanes/AcOEt 6:4 to give as the first eluting fractions the 
title compound (24 mg, 12% yield starting from 1.2a), as an oil. IR v 1762, 1674 cm-1.1H NMR 
(250 MHz, CDCl3) δ 1.71-1.94 (m, 2H); 2.24 (s, 3H); 2.38-2.49 (m, 2H); 4.19-4.28 (m, 2H); 4.91-
5.01 (m, 1H); 5.75-5.83 (m, 1H); 6.13-6.29 (m, 1H).13C NMR (62.5 MHz, CDCl3) δ 20.1, 21.8, 
29.7, 57.2, 69.7, 121.4, 135.0, 157.1, 167.8. ESI-MS for C9H11NO4: 197.10. 
 
(Z)-4-(hydroxyamino)but-2-en-1-ol (1.91). 
A 25 mL dried Schlenk tube was charged, under argon protection, with Cu(OTf)2 
(253.1 mg, 0.7 mmol) and the PS-PPh3 (466.7 mg, 1.40 mmol. 3.0 mmol/g loading) in CH2Cl2  (3.5 
mL) was added and the mixture was stirred for 15 min at room temperature. Cycloadduct 1.89 
(129.4 mg, 0.7 mmol) in CH2Cl2 (3.5 mL) was added and the mixture was stirred at 40 °C. After 
24h the reaction was filtered on a sintered-glass Büchner funnel washing with minimal amounts of 
CH2Cl2 and AcOEt. After evaporation of the solvent under vacuum a crude semisolid 1.91 was 
obtained (270 mg). 
1H NMR (250 MHz, CD3CN) δ 10.20-10.47 (m, 2H), 6.07-6.13 (m, 1H), 5.91-5.99 (m, 1H), 4.68-
4.75 (m, 2H), 3.93-4.04 (m, 2H). 13C NMR (62.5 MHz, CD3CN) δ 124.8, 124.7, 68.9, 43.9. 
 
(Z)-4-(hydroxyamino)-2,3-dimethylbut-2-en-1-ol (1.92). 
A 25 mL dried Schlenk tube was charged, under argon protection, with 
Cu(OTf)2 (253.1 mg, 0.7 mmol) and the PS-PPh3 (466.7 mg, 1.40 mmol. 3.0 
mmol/g loading) in CH2Cl2  (3.5 mL) was added and the mixture was stirred for 15 min at room 
temperature. Cycloadduct 1.90 (149,3 mg, 0.7 mmol) in CH2Cl2 (3.5 mL) was added and the 
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mixture was stirred at 40 °C. After 24h the reaction was filtered on a sintered-glass Büchner funnel 
washing with minimal amounts of CH2Cl2 and AcOEt. After evaporation of the solvent under 
vacuum a crude semisolid 1.92 was obtained (290 mg). 
1H NMR (250 MHz, CD3CN) δ 10.23-10.61 (m, 2H), 4.53 (s, 2H), 3.66 (s, 2H), 1.61-1.74 (m, 6H). 
13C NMR (62.5 MHz, CD3CN) δ 123.3, 123.2, 71.3, 46.7, 14.5, 12.6. 
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Metal-catalyzed desymmetrization of diaza bicyclic alkenes 
 with carbon nucleophiles 
 
2.1 Introduction 
 
2.1.1. Nucleophilic ring-opening of diazabicyclic system 
 
 
 The development of new methodologies for the preparation of non-racemic chiral 
compounds by means of asymmetric catalysis represents one of the most important target in 
organic chemistry. Catalytic synthetic transformations are especially valuable when the starting 
material is easily avalaible and not expensive. 
The original publication in 1928 by Diels and Alder of their classical cycloaddition reaction1 is a 
well-know landmark for organic chemists and has probably outshined the report, published three 
years earlier, by Diels, Blom and Koll of a similar reaction between cyclopentadiene and 
azodicarbonyl derivatives.2 This highly favored reaction can deliver, within a few hours, multigram 
quantities of cycloadducts 2.1 isolated in a quantitative yield (Scheme 2.1). 
 
 
 
 
Scheme 2.1 Hetero Diels-Alder reaction 
 
While the study of 2,3-diazabicyclo[2.2.2]oct-5-ene derivatives has not received much attention, in 
the last few years several works concerning the metal-catalyzed reaction of hetero- and C-
nucleophiles with  2,3-diazabicyclo[2.2.1]hept-5-ene (2.1) derivatives have been described in 
literature as reported in recent reviews by Micouin and Radhakrishanan.3 In particular, the 
desymmetrization of these substrates by ring-opening reaction using C-nucleophiles is very 
interesting because it allows the formation of a new C-C bond and two stereocenters in a step. 
However cycloadduct 2.1 can be expected to have a much broader syntethic potential: 
(1)- The strained double bond of this diaza analogue of norbornene should be very reactive 
toward electrophiles; 
(2)- Ring fragmentations via N-N bond reduction, C-C oxidative cleavage, ring-opening 
metathesis or allylic C-N cleavage are also expected to be thermodynamically favored; 
Chapter 2 
 
46 
N
N Ar
N NH
COOEtEtOOC
+ ArX
2.5 mol% Pd(OAc)2
11.0 mol% AsPh3 +
NEt3, HCO2H,
DMF 65°CCOOEt
COOEt
N
N
COOEt
COOEt
Ar
2.1a 2.2 2.3
N
N COOR
1
COOR1
Nu
N
R1OOC H
N
COOR1 R2
N
R1OOC H
N
COOR1
R3
N
R1OOC H
N
COOR1R3
N
R1OOC H
N
COOR1
cat, Nu-
path a
Pd0, R2X
AsPh3
path b
path c
Pd0 cat.
R3Sn-nBu3Cu(II) cat.
R3-M
path d
2.1
(3)- Skeletal rearrangement involving carbocationic intermediates, typically observed in the 
norbornene series, could also be observed with these cycloadducts; 
        The combination of all these transformations should provide a useful synthetic arsenal for a  large-
scale preparation of various functionalized amino-, diamino- or hydrazinocyclopentanes, 
potentially valuable scaffolds for target- or diversity-oriented synthesis of biologically active 
compounds.4 Several transformations of 2.1 derivatives are possible and some examples are shown 
in Scheme 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.2 Possible transformations via C-N bond cleavage of bicyclic hydrazine 2.1 
 
 A significant advance towards the desymmetrization of bicyclic hydrazines with C-
nucleophiles was first reported by Kaufmann and co-workers.5 In this work, the authors described a 
Pd-catalyzed hydroarylation of bicyclic hydrazine 2.1a with aryl halides to give the hydro-arylation 
product 2.2, in which the formation of the new C-C bond did not foresee the ring opening of the 
starting hydrazine 2.1a (Scheme 2.3).  
 
 
 
 
 
Scheme 2.3 Palladium-catalyzed hydroarylation and ring opening of 2.1a 
 
Very interestingly, with the expected product 2.2, the reaction afforded also trans-3-aryl-4-
hydrazino cyclopentene derivative  2.3, where the addition of the sp2 nucleophile (ArX), with the 
cleavage of the C-N bond of the bicyclic system had occurred. In order to increase the amount of 
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type 2.3 product in the reaction mixture, the authors tried several more hindered bicyclic hydrazines 
and they found that the use of rigid, polycyclic hydrazines allowed the obtainment of a consistent 
amount of the desired ring-opened product, although in a mixture with the hydro-arylation product 
2.2. Moreover, the use of an inorganic base seems to be important for the obtainment of an 
increased amount of the ring-opened product. In particular, the use of hydrazine 2.1b, deriving 
from the reaction of cyclopentadiene and 4-phenyl-1,2,4-triazolin-3,5-dione, in the Pd-catalyzed 
reaction of PhI in the presence of NaF lead to the obtainment of the anti-ring-opened product of 
type 2.4 with acceptable yield (46%), even if the hydro-arylation product of type 2.5 was still 
present, as reaction product (Scheme 2.4).  
 
 
 
 
 
 
Scheme 2.4 Hydroarylation vs ring opening of polycyclic hydrazine 2.1b 
 
With regard to the mechanism of this reaction, the autors assumed a first exo-selective addition 
(carbo-palladiation) of the [ArPdX] species (path a), obtained in situ, to the double bond of the 
bicyclic systems to give the intermediate 2.6 (Scheme 2.5). At this point, the reaction can take two 
pathways: a path c, where the formation of the hydro-arylation product 2.5 is promoted by the 
presence of formic acid, or (path b) where the inorganic base favors the ring-opened product 2.4 by 
the C-N bond cleavage of the azabicyclic system. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.5 Proposed mechanism of hydroarylation and ring opening reactions of bicyclic 
hydrazines 2.1b 
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 The palladium(II)-catalyzed allylation of bicyclic hydrazines was reported to afford 1,2-
disubstituted cyclopentenes 2.8 in a diasteroselective fashion (Scheme 2.6). Allyltributyltin is the 
reagent of choice for this transformation, whereas the use of allyltrimethylsilane leads to lower 
yields. This reaction is catalyzed by Lewis acids, and takes place faster when carried out in an ionic 
liquid.6 Similar reactivity was reported with phenyltributyltin, as the nucleophile.7 
 
 
 
 
 
Scheme 2.6 Palladium-catalyzed ring-opening reaction of bicyclic hydrazine 2.1 
 
A similar stereoselective ring opening was reported to take place with aryl- or alkenylboronic acids 
(Scheme 2.7).8 This palladium-catalyzed fragmentation is assisted by iodine, which proved to be 
superior than scandium triflate in this case. A large variety of racemic vicinal trans-disubstituted 
hydrazinocyclopentenes 2.9 have been prepared by this procedure. 
 
 
 
 
 
Scheme 2.7 Palladium-catalyzed ring-opening reaction of 2.1 with organoboron reagents 
 
 All the previous fragmentation reactions occur by means of a palladium(II) 
carbometalation step. A different fragmentation pathway, based on a palladium(0)-palladium(II) 
catalytic cycle can be also envisioned. In fact, the oxidative insertion of a palladium(0) species into 
the carbon-nitrogen bond of bicyclic hydrazines could be favored by strain release. Several “soft” 
nucleophiles can indeed react with bicyclic hydrazines in the presence of palladium(0) precatalyst, 
leading to various 1,4-cis-hydrazinocyclopentenes 2.10 in a diasteroselective way (Scheme 2.8).9 
 
 
 
 
Scheme 2.8 Palladium-catalyzed ring-opening reaction of bicyclic hydrazine 1c 
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The ring-opening reaction occurred in the presence of catalytic amount of Pd(allyl)Cl2 (2.4 mol%), 
which was reduced in situ by a small amount of NaH  and diphenylphosphinoferrocene as ligand. 
These conditions allows the allylic substitution reaction with O-nucleophiles (particularly phenolic 
derivatives), but also with C-nucleophiles such as nitromethane and malonates, which are 
previously deprotonated by the use of a stoichiometric amount of NaH. It is worth mentioning that 
3,5-disubstituted hydrazino cyclopentenes obtained with this protocol represent useful 
intermediates for the synthesis of heterocycles components by elaboration of the hydrazine moiety. 
The same authors also reported that the use of (R)-2-[2-(diphenylphosphino)phenyl]-4,5-
dihydrooxazole [(R)-PHOX] as chiral ligand in the Pd2dba3-catalyzed ring-opening reaction of 
bicyclic-hydrazine 1c with phenol leads to the desired product 2.11 in an enantionenriched form 
(50% ee) (Scheme 2.9). 
 
 
 
 
 
 
Scheme 2.9. Pd-catalyzed enantioselective ring-opening of bicylic hydrazine 2.1c with phenol. 
 
It should be noted that the protecting group of hydrazine plays an important role with regard to the 
enantioselectivity of the reaction since only using hydrazine 2.1c it was possible to obtain the ring-
opening product 2.11 in an enantioenriched form. On the other hand, it is worth mentioning that, 
despite these results obtained using O-nucleophiles, the enantioselective addition of C-nucleophiles 
was not reported in this work. 
 Copper is generally considered to be an excellent catalyst for allylic substitutions 
involving “hard” nucleophiles such as dialkylzinc or alkylaluminum reagents.10 The combination of 
copper salts and phosphoramidite ligand has been reported by our group to catalyze the 
nucleophilic fragmentation of bicyclic hydrazines to give 1,2-trans-hydrazinocyclopentenes 2.12 
and 2.13 with excellent conversion and enantioselectivities up to 86% ee (Scheme 2.10).11 
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Scheme 2.10 Copper-catalyzed asymmetric ring-opening reactions of bicyclic hydrazine 1b,d 
 
However, it is worth mentioning that the authors reported that sp2 nucleophiles such as substituted 
vinylic alanes or AlPh3 proved to be only scarcely reactive in these reaction conditions (<10% 
conversion at 0°C after 18h).  
 The use of rhodium as catalyst has been reported to enable a corresponding 
enantioselective arylative ring opening of bicyclic hydrazine 2.1. One of the first work of this 
matter was performed by our group in 2006 and consisted in a rhodium(I)-catalyzed ring-opening 
of bicyclic hydrazines 2.1a,b,d with aryl boronic acid to afford the disubstituted cyclopentenes 
2.14-2.16 with complete regio- and stereoselectivity (Scheme 2.11).12 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.11 Rhodium-catalyzed ring-opening of bicyclic hydrazines 2.1a,b,d 
 
The catalytic systems is formed by Rh(I) salts (best results were obtained with [Rh(cod)Cl]2 or 
[Rh(C2H4)2Cl]2 3 mol%) in combination with different phosphine ligands (6.0 or 12.0 mol%). 
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Enantioselectivities up to 89% ee were obtained for this transformation using [Rh(C2H4)2Cl]2 and 
Tol-Binap, as the chiral ligand. The authors carried out a large screening of reaction conditions by 
changing the rhodium source, the ligand, the aryl boronic acid, the base and also the solvent. For 
example, the use of [Rh(cod)Cl]2 generally  increased the reactivity, but unfortunately accompanied 
by reduced enantioselectivities with respect to other rhodium catalysts. Moreover, in contrast with a 
previously work of rhodium-catalyzed ring opening with aryl boronic acids on 
oxabenzonorbonadiene,13 the presence of a base was not essential in order to effect the reaction 
even if the reaction occurred with a slow rate. However it should be noted that without a base the 
reaction was poorly enantioselective, and best results were obtained with CsF (2.0 eq).12 
 A major improvement of this reaction was recently described  by Lautens, using t-Bu-
Josiphos ligand and [Rh(cod)OH]2, as precatalyst. The presence of water is important for 
minimizing the competitive pathway leading to the hydroarylated bicyclic hydrazines 2.17. Under 
these conditions, the trans-1,2-hydrazinocyclopentenes 2.18 can be obtained in excellent 
enantioselectivities (up to 99% ee) albeit only with ortho-substituted arylboronic derivatives 
(Scheme 2.12).14  
 
 
 
 
 
Scheme 2.12 Rhodium-catalyzed ring-opening and arylation reaction 
 
The authors carried out a large screening of substituted aryl boronic acid and found that electron-
rich boronic acids generally led to higher yields of 2.18 but with low ee values, whereas electron-
deficient systems proved less reactive and more enantioselective. By changing the boronic acids to 
heteroaryl derivatives, a novel enantioselective reductive arylation reaction was described. In 
particular when the boronic acid is characterized by the presence of sufficiently activated hydrogen 
atom in 2-position of  the heteroaryl system, compound 2.17 was isolated as the only product.14 
The same authors showed the high affinity of rhodium for carbon monoxide and its reactivity with 
boronic acids. In fact, in this way it was possible to increase the chemical diversity generated by the 
fragmentation of bicyclic hydrazines.15 When the reaction is carried out under an atmosphere of 
carbon monoxide, a formal allylic substitution with acyl anion nucleophiles could be obtained, 
leading to cyclopentene 1,2-hydrazino ketones 2.19 in a diasteroselective manner and excellent 
yield (Scheme 2.13). 
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Scheme 2.13 Rhodium-catalyzed carbonylative ring opening of bicyclic hydrazines 2.1 
 
 
2.1.2 Rearrangement reactions of bicyclic hydrazines 
 
 Ring fragmentations accompanied by skeletal rearrangement have been frequently 
described on norbornene and related strained bicycles.[ref] A similar behaviour has been described 
with bicyclic hydrazines. 
The termal and/or catalyzed fragmentation of bicyclic hydrazines has been intensively 
investigated.16 A [3.3]-sigmatropic rearrangement has been proposed to explain the stereoselective 
formation of compound 2.20 from the corresponding bicyclic hydrazine 2.1f (Scheme 2.14). 
 
 
 
 
 
 
Scheme 2.14 Termal rearrangement of bicyclic hydrazine 2.1f 
 
As described by Campbell and Sauer the same reaction can be carried out also in acidic conditions 
using H2SO4 and it is possible to observe that this transformation is dramatically accelerated by 
acids. 
On the other hand, the diasteroselective formation of rearrangement products can involve a cationic 
intermediate as 2.21. In 2003, Micouin and co-workers studied the behaviour of bicyclic hydrazine 
2.1c under acid-catalyzed conditions and obtained the carbazate 2.22 (Scheme 2.15).9 
 
 
 
 
 
Scheme 2.15 Lewis acid-mediated rearrangement of bicyclic hydrazine 2.1c 
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Oxophilic Lewis acids, such as TiCl4, did not promote the rearrangement, whereas more azaphilic 
catalysts such as, Zn(OTf)2, led to bicyclic cyclopentene 2.22 up to 82% yield. The reaction can be 
carried out also in protic condition using H2SO4 in CF3CH2OH to give carbazate 2.22 up to 90% 
yield.17 These results suggest that fragmentation probably occurs through nitrogen activation. A 
mechanism involving either [3.3]-sigmatropic rearrangement or the stepwise trapping of an 
intermediate allylic cation has been proposed for similar transformation.18 In this case the authors 
by MS detection had evidence of formation of dimeric structures deriving from a collapse of two 
ionic species to indicate that a dissociative pathway had taken place. 
 The structure of carbazate 2.22 has been recently reassigned by Lautens and co-workers 
to be a [5.5]bicyclic systems as 2.23 and 2.24.19 These authors focused their attention on copper-
based Lewis acid in the rearrangement reaction of bicyclic hydrazine  2.1c and 2.1e and found that 
the Boc-protected compound 2.1e underwent smoothly ring opening with Cu(OTf)2 and 
(CuOTf)2PhH in a variety of solvent, such as THF or CH2Cl2, to give the product 2.24 in a 
quantitative yield (Scheme 2.16) 
 
 
 
 
 
Scheme 2.16 Copper-catalyzed rearrangement of bicyclic hydrazines 2.1c,e 
 
When carried out on the Cbz-protected bicycle 2.1c in the presence of Cu(OTf)2, the same reaction 
did not proceed in CH2Cl2 but it went to completion in THF even if accompanied by polymerization 
of the solvent, suggesting that an intermediate cationic species had formed in the course of the 
reaction. The addition of a proton source such as benzoic acid enabled catalyst turnover and 
consumed the cationic byproduct to give product 2.23 in 82% yield. Then the authors turned the 
attention to (CuOTf)2PhH as a Lewis acid and found that at elevated temperatures it was equally 
effective. In toluene, the conversion of 2.1c to 2.23 proceeded in excellent yield without the 
addition of benzoic acid. Toluene is sufficiently nucleophilic to trap the carbocationic byproduct 
and acts as a proton source to turnover the catalyst through re-aromatization. 
The ring-opening products 2.23 and 2.24 were described as viscous oils; however, through N-
arylation, Lautens was able to obtain X-ray crystal structures of corresponding arylated 2.25 that 
assigned the structure, characterized by the presence a 5,5-cis-fused ring system (Scheme 2.17). 
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Scheme 2.17 One-pot copper catalyzed rearrangement and N-Arylation reaction of bicyclic 
hydrazines 2.1c,e 
 
This structure is different from the 5,6-cis-fused ring system reported by Micouin in Brönsted and 
Lewis acid promoted ring opening of 2.1c. The authors repeated the conditions reported by 
Micouin and found the carbazate 2.23, not the product 2.22 (Scheme 2.18). 
 
 
 
 
 
 
Scheme 2.18 Rearrangement reactions of bicyclic hydrazine 2.1c (Lautens and  Micouin protocols) 
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2.2 Results and discussion 
 
2.2.1 Rhodium-catalyzed ring-opening reaction of bicyclic hydrazines 
 
 The transition metal-catalyzed asymmetric ring-opening reaction of symmetrical ring 
heterocycles is a powerful strategy for the obtainment of chiral non racemic building blocks. 
Interest in the desymmetrization by ring-opening reactions of symmetrical bicyclic hydrazines 
2.1a-e has grown significantly in recent years, because the disubstituted cyclopentenes obtained are 
versatile intermediates for the synthesis of biologically interesting molecules.  
 
 
 
 
 
Figure 2.1 Hydrazines used in the Rh-catalyzed reaction 
 
As in literature examples are present concerning the ring opening of bicyclic hydrazine with 
arylboronic acid in order to obtain an asymmetric ring opening of hydrazines of type 2.1 with 
various boronic acids, we thought interesting to continue our investigation by using some 
representative structurally different monodentate (L1 and L2), bidentate (L4, L5, L6 and L7) and 
tridentate (L3) ligands.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Ligand used in the Rh-catalyzed reaction 
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It should be noted that all ligands used in this study are commercially available, except ligand L3 
which was synthesized in our laboratory by using procedures described in the literature (see 
Experimental Section for details).20 
In order to explore the reaction furtherly, we examined the use of alkenylboronic acids in the 
asymmetric ring-opening of bicyclic hydrazines. In particular, we focused our attention on 
commercially available 1-phenyl-vinylboronic acid A and trans-2-phenyl-vinylboronic acid B. 
These choice was simply determined by the present in these phenyl substituted boronic derivatives 
of a chromophore group which could make the evaluation of the enantioselective outcome possible 
in their reaction with diazabicyclo derivatives 2.1a,e. An initial screening was carried out by 
examining the reaction of hydrazine 1e with both boronic acids A and B which yielded the 
corresponding cyclopentene derivatives 2.24ea and 2.25eb, as the only reaction product (Table 
2.1).   
 
Table 2.1 Rh-catalyzed ring-opening of 2.1e with alkenylboronic acids derivatives A and B 
 
 
 
 
 
 
 
 
 
 
entry Rh(I) ligand nucleophile base   time  
   (h) 
producta   
(Yield%) 
   eeb 
   (%) 
  1 [Rh(cod)Cl]2 P(OEt)3 A NaHCO3    1.5 2.24ea (81)      - 
  2 [Rh(C2H4)2Cl]2     L5 A CsF     4 2.24ea (75)     22 
  3c [Rh(C2H4)2Cl]2     L5 A Cs2CO3    12 2.24ea (36)     12 
  4 [Rh(cod)Cl]2 P(OEt)3 B NaHCO3     2 2.25eb (63)      - 
  5 [Rh(C2H4)2Cl]2     L5 B CsF     5 2.25eb (83)     12 
Reaction carried out with 3.0 mol% of Rh(I) salt and with 2.0 equiv. of boronic acid derivatives. aIsolated 
yield of compounds 2.24ea and 2.24eb after chromatographic purification. bDetermined by HPLC on 
chiral stationary phase. cReaction carried out in dioxane/water 10:1 at 110°C. 
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In accordance with the data reported in the Introduction, the use of [Rh(cod)Cl]2 and an electron-
poor phosphorus ligand such as P(OEt)3, gave a faster reaction for both boronic acids A and B 
compared with to the use of catalytic amounts of (R)-Tol-BINAP L5 and [Rh(C2H4)2Cl]2 (entries 1-
2 and 4-5). However, it should be noted that the desired ring-opened products were obtained with 
fair to very good yields also using the electron-rich ligand L5, albeit accompanied by a very low 
enantioselectivity (entries 2 and 5). Moreover, the use of a mixture of dioxane and water as reaction 
solvent proved to be not effective in this condition, affording cyclopentene adduct 2.24ea with low 
yield (36%) and enantioselectivity (entry 3).  
Subsequently the arylative ring opening of bicyclic hydrazine 2.1e with alkenylboronic acids A and 
B was extended to the hydrazine 2.1a. Also in this case, a detailed study about the effect of 
rhodium salts and the chiral ligands employed on the formation of the corresponding reaction 
products 2.24aa and 2.25ab was carried out and the results obtained are shown in the Table 2.2. 
 
Table 2.2 Rh-catalyzed ring-opening of 2.1a  with alkenylboronic acids derivatives A and B 
 
 
 
 
 
 
 
 
 
 
 
entry      Rh(I) ligand nucleophile base   time  
   (h) 
producta   
(Yield%) 
 eeb 
 (%) 
  1 [Rh(cod)Cl]2 P(OEt)3 A NaHCO3    1.5 2.24aa (74)    - 
  2 [Rh(C2H4)2Cl]2     L5 A K2CO3    18 2.24aa  (91)   33 
  3 [Rh(acac)(C2H4)2]     L5 A K2CO3    96 2.24aa  (21)    8 
  4c [Rh(C2H4)2Cl]2     L5 A K2CO3    12 2.24aa  (90)   50 
  5 [Rh(cod)Cl]2 P(OEt)3 B NaHCO3     6 2.25ab  (59)    - 
  6 [Rh(C2H4)2Cl]2     L5 B CsF     80 2.25ab  (80)    5 
Reaction carried out with 3.0 mol% of Rh(I) salt and with 2.0 equiv. of boronic acid derivatives. aIsolated 
yield of compounds 2.22aa and 2.22ab after chromatographic purification. bDetermined by HPLC on chiral 
stationary phase. cReaction carried out in dioxane/water 10:1 at 110°C. 
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Very interestingly, the best result with regard to the enantioselectivity of the ring-opening reaction 
of hydrazine 2.1a with boronic acid A was achieved by the use of a mixture of dioxane and water 
as solvent (entry 4). In sharp contrast with the data obtained in the desymmetrization of hydrazine 
2.1e (see Table 2.1, entry 3), these reaction conditions allowed the obtainment of compound 2.24aa 
with a very good yield (90%) and acceptable enantioselectivity (50% ee). On the other hand, the 
use of the standard reaction conditions (3.0 mol% of [Rh(C2H4)2Cl]2 with 6.0 mol% of (R)-Tol-
BINAP in MeOH) afforded the desired adducts 2.24aa and 2.25ab with very good yields and 
modest enantioselectivities (entries 2 and 6, Table 2.2), whereas the obtainment of an increased 
reactivity, when electron-poor phosphorus ligands are used, was confirmed by the shorter reaction 
times observed when P(OEt)3 was used as ligand (entries 1 and 5). 
 The rhodium-catalyzed asymmetric introduction of aryl and alkenyl moieties into 
activated alkenes has shown spectacular advances in recent years,[refr]. On the contrary, the 
corresponding enantioselective addition of alkynyl organometallic reagents has remained elusive.21  
In a preliminary examination of corresponding reactivity, we choosed 1-
alkynyltriisopropylboronates C-G as the alkynylating agents. These compounds rarely been used in 
asymmetric addition to activated alkenes, are readily available from the corresponding terminal 
alkynes as shown in Scheme 2.19. 
 
 
 
 
 
 
Scheme 2.19 Preparation of alkynylboronic esters C-G  by Brown’s procedure 
 
The 1-alkynyldiisopropoxyboranes C-G has been prepared in high yields from the reaction of 1-
lithio-1-alkyne and triisopropoxyborane at -78°C, followed by treatment with ethereal hydrogen 
chloride. The preparation procedure is reported in the Experimental Section, but it is important to 
say that at the end of the addition we obtained a voluminous precipitate that somewhat hampered 
the stirring. The alkynylboronic esters that we have used are shown in Figure 2.3.  
 
 
 
 
 
Figure 2.3 1-alkynyldiisopropoxyboranes C-G used in the Rh-catalyzed ring opening reaction 
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A number of rhodium sources, solvents and phosphorus-containing chiral ligands were evaluated as 
catalysts in the reaction of bicyclic hydrazines 2.1a,c,e with 1-alkynyldiisopropoxyboranes C-G. 
The use of [Rh(cod)Cl]2 as the rhodium catalyst precursor, in combination with ligands containing 
an electron-poor phosphorous in alcoholic solvents (MeOH) gave a clean alkynylative ring-opening 
reaction with the formation of the corresponding addition compounds of type 2.26. The use of 
solvents such as THF, dichloromethane and toluene turned out to be not appropriate for the reaction 
to occur. When bicyclic hydrazines N-Boc protected 2.1e and N-COOEt protected 2.1a were 
allowed to react with 2.0 equiv. of 1-hexynyl diisopropylboronate C or 1-octynyl 
diisopropylboronate D, in the presence of [Rh(cod)Cl]2 (6.0 mol%), racemic Monophos (12 mol%) 
and 2.0 equivalent of NaHCO3 in refluxing methanol, the corresponding trans-3-akynyl-4-
hydrazino cyclopentenes of type 2.26 were isolated in good yields after chromatographic 
purification as a simple trans-stereoisomer (Table 2.3).22 
 
Table 2.3 Rh-catalyzed ring-opening reaction with alkynylboronic esters 
 
 
 
 
 
entry substrate nucleophile time (h) product yield (%)a 
1 2.1a C 4 2.26ac 92 
2 2.1a D 5 2.26ad 84 
3 2.1e C 18 2.26ec 78 
4 2.1e D 18 2.26ed 95 
.
 aIsolated yield of compounds after chromatographic purification 
 
Interestingly, it was observed that the Monophos ligand L1 was oxidized to the corresponding 
phosphoric amide L8, as determined by 1H NMR and 31P NMR analysis of the ligand recovered at 
the end of the reaction.23 Redox processes between phosphorus-based ligand and transition metals 
has previously been reported,24 but to the best of our knowledge, no precedents evidence for the 
Rh-catalyzed oxidation of phosphoramidite ligands have been described.25 
 
 
 
 
Scheme 2.20 Oxidative reaction of the Monophos ligand 
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It was also noticed that, in sharp contrast with the rhodium-catalyzed reaction performed with 
arylboronic acids, the ring-opening alkynylation of bicyclic hydrazines occurred only in the 
presence of stoichiometric amounts of a base.  
 In order to develop a clean asymmetric alkynylation of bicyclic hydrazines 2.1a,c,e we 
examined different chiral ligands in these ring opening reactions. 
At first, we focused the attention on hydrazine 2.1e in the reaction with diisopropyl 
phenylethynylboronate derivative F, obtained from phenylacetylene, with the aim of evaluate the 
presence of enantiomeric enrichment in the corresponding reaction 2.26ef . 
 
Table 2.4 Rh-catalyzed ring-opening of 2.1e with phenylethynylboronate F 
 
 
 
 
entry Rhodium source ligand base time (h) conv (%)a ee (%)b 
1 [Rh(cod)Cl]2 L1 CsF 3 70 n.d 
2 [Rh(C2H4)2Cl]2 L5 CsF 24 25 43 
3 [Rh(C2H4)2Cl]2 L6 CsF 24 50 43 
4 [Rh(C2H4)2Cl]2 L6 MeONa 18 83 52 
5 [Rh(C2H4)2Cl]2 L5 MeONa 18 80 32 
            aConversion calculate on the base of the 1H NMR crude spectra bDetermined by HPLC on chiral 
        stationary phase. 
 
Best results were obtained by using as the catalytic system, a combination between [Rh(C2H4)2Cl]2 
and phosphine ligand, such as (R)-Tol Binap and (R)-Xylyl Binap (entries 2-4, Table 2.4). 
Subsequently, we focused our attention on bicyclic hydrazine 2.1c, that permits the use of aliphatic 
alkynyl boronic acid derivatives in the screening for the enantioselectivity. In all these reactions the 
catalyst used was [Rh(C2H4)2Cl]2 in combination with different phosphine ligands (Table 2.5). 
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Table 2.5 Rh-catalyzed ring-opening of 2.1c with alkynylboronic derivatives 
 
 
 
 
aConversion calculate on the base of the 1H NMR crude spectra bDetermined by HPLC on chiral  
 stationary phase. 
 
As shown in the Table 2.5, in these reaction conditions the ring-opening desymmetrization never 
achieved a complete conversion when the [Rh(cod)Cl]2/Monophos combination was used. It can be 
observed that when the alkynylboronic derivatives C was used, best results, both in terms of yield 
and enantiomeric enrichment, were obtained by using MeONa as base (entries 1-3, Table 2.5). The 
alkynylboronic derivatives E and G were not prone to react in these reaction condition (entries 5, 6 
and 8); on the other hand alkynylboronic derivative F showed the best reactivity and an interesting 
enantioselectivity (66% ee, entry 7) was obtained. However, it should be noted that the protocol 
described in this section represents the first example of a Rh-catalyzed asymmetric alkynylation of 
bicyclic hydrazines. 
 Considering that the alkynyl-boron bond is gradually protonated in the protic reaction 
medium, thus regenerating the corresponding alkyne, the direct use of terminal alkynes in this 
reaction was also considered. The formation of rhodium acetylides with rhodium-phosphine 
complexes has been observed several times in the organometallic literature,26 and it is known that 
rhodium acetylides are stable in polar protic solvents.27 Indeed, the alkynylation reaction of 2.1e 
starting from 1-hexyne was feasible, but it was found that the use of stoichiometric or catalytic 
amounts of an external Lewis acid was necessary to realize the ring opening of bicyclic hydrazine 
2.1e up to a synthetically useful extent. 
 
entry nuc ligand base time (h) product conv (%)a ee (%)b 
1 C L5 CsF 36 2.26cc 42 39 
2 C L5 K2CO3 18 2.26cc 74 46 
3 C L5 MeONa 18 2.26cc 81 52 
4 C L6 MeONa 18 2.26cc 66 60 
5 E L5 MeONa 18 2.26ce 55 48 
6 E L6 MeONa 18 2.26ce 43 54 
7 F L6 MeONa 18 2.26cf 85 66 
8 G L5 MeONa 18 2.26cg 38 58 
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Table 2.6 Rh-catalyzed ring-opening reaction of 2.1e with terminal alkynes and external Lewis     
acid 
 
 
 
 
 
 
 
 
 
 
 
 
 
aConversion calculate on the base of the 1H NMR crude spectra  
 
As shown in the Table 2.6, the reactions were carried out by using the combination 
[Rh(cod)Cl]2/Monophos as the catalytic system and MeONa as the base. Among the Lewis acids 
screened in catalytic amounts, Yb(OTf)3 (entry 2, Table 2.6) cleanly gave adduct 2.26ec with a 
satisfactory conversion in 18 h. Better results were obtained by increasing the catalyst loading up to 
5 mol% of rhodium source, 24 mol% of phosphoramidite ligand and 5 eq of terminal alkyne and 
base. Also Sc(OTf)3 gave a high conversion (entry 4) but the 1H NMR analysis revelead the 
presence of a complex reaction mixture. It is quite remarkable that even under forced reaction 
conditions, the reaction carried out by means terminal alkynes never reached the efficency obtained 
with by using alkynylboronates. In fact, the use of 5.0 eq of B(iPrO)3, which is actually a Lewis 
acid closely related to that obtained after protonation of boronate C, did not show an increased 
activity (entry 6). 
 The direct use of terminal alkyne was also considered in the enantioselctive ring opening 
of bicyclic hydrazine 1a,c,e but no increased in the enantioselective levels were obtained. 
In summary the experimental data indicate that the basic reaction conditions activate the terminal 
C(sp)-H bond of an alkyne, to generate an acetylide-Rh(I) species as X (path b, Figure 2.4), but this 
catalytically key intermediate is better obtained by the corresponding boronate (path a). 
 
 
 
entry Lewis acid (mol%) conversion (%)a 
1 None 18 
2 Yb(OTf)3 (10) 68 
3 In(OTf)3 (10) 50 
4 Sc(OTf)3 (10) 82 
5 Cu(OTf)2 (10) 45 
6 B(iPrO)3 (500) 64 
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Figure 2.4 Proposed mechanism for Rh-catalyzed ring opening reaction 
 
Reasonably, in the catalytic cycle a stereo- and enantioselective carborhodation at the enantiotopic 
reaction sites of the strained double bond occurs at the more accessible exo-face of bicyclic 
hydrazine, thus generating the key intermediate carbometalated intermediate Y.  Subsequent β-
elimination of the hydrazine leaving group assisted by the Lewis acid affords the ring opened 
intermediate Z, followed by the proto-demetallation by the protic solvent to give the trans-3.4-
disubstituted cyclopentene adduct. 
It should be noted that alkynyl cyclopentene hydrazines of type 2.26 synthetized by means our 
protocol in a completely regio- and stereocontrolled fashion, are very difficult to obtain by other 
methods. Moreover, considering that Boc and Cbz protecting groups used in our procedure can be 
easily be cleaved to the corresponding free hydrazines, these products are versatile building blocks 
useful for further functionalization. 
 The absolute configuration of the ring-opening adducts 2.26 was determined by 
examining of desilylated compound 2.27 taken as suitable substrate. Actually compound 2.27 was 
obtained by rhodium-catalyzed ring-opening of hydrazine 2.1c with trimethylsilyl-ethynylboronate 
G at 65°C for 4 days. The reduction of alkyne 2.27 (H2- Pd/C) afforded the ethyl derivative 2.28 
which on treatment with Raney nickel suspension at room temperature was transformed into the 
known 2.29. [ref] 
 
 
 
 
Scheme 2.20 Determination of absolute configuration 
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The measurement of the optical rotatory power for this compound, [α]D20= -9.1 (c= 0.5, MeOH) for 
a 79:21 enantiomeric ratio, gave the absolute sense of induction. It is assumed that all ring opening 
adducts follow the same trend, for example (R)-Tol-Binap gave products in which the major 
enantiomer of  2.27 has a (1R, 2S) configuration. 
 
 
2.2.2 Copper-catalyzed rearrangement and ring-opening reaction of diaza bicyclic  
systems 
 
 After having examined the rhodium-catalyzed ring opening reaction of bicyclic 
hydrazines, our attention was directed to the synthesis of trans-1,4-disubstituted hydrazino and 
aminocyclopentenes, considering that several methods are reported in the literature for the ring 
opening of bicyclic hydrazines with carbon nucleophile, but all reported methods invariably lead to 
1,2-disubstituted hydrazinocyclopentenes (see Introduction). It should be noted that Grignard 
reagents, which are the most readily avalaible organometallic reagents, were never considered. 
Furthermore, it is known that the direct nucleophilic attack at the bridgehead position of bicyclic 
hydrazine is reported to be very difficult. 
In order to develop the synthesis of trans-1,4-disubstituted cyclopentenes, we considered the 
behavior of bicyclic hydrazines 2.1a, 2.1c and 2.1e in presence of Lewis acids.  
 As reported in Introduction, the protic or Lewis acid-catalyzed (LA) rearrangement of 
carbobenzyloxy-protected bicyclic [2.2.1]hydrazine 2.1c was explained by means of a transient 
allylic cation and formation of 5,6-bicyclic intermediate 2.22. As compound 2.22 has an allylic 
group, we considered this compound as a possible candidate for an allylic alkylation with Grignard 
reagents (Scheme 2.21) 
 
 
 
 
 
 
 
 
Scheme 2.21 Rearrangement and allylic alkylation 
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In this way the addition of RMgX (R= alkyl, phenyl, aryl) to the supposed intermediate 2.22 lead to 
a product which turned out (1H NMR) to be 2.31, instead of the expected 2.30. Actually, the 1H 
NMR spectrum of 2.31 showed a signal at δ 4.10 corresponding to CH-NH, whereas in literature 
the allylic CH-N-Boc proton is described to give a signal at δ 4.92. This result prompted us to 
repeat the reaction of bicyclic hydrazine 2.1c with H2SO4 in CF3CH2OH in accordance with a 
previously reported procedure.9 A remarkably different outcome was obtained and, with our 
surprise, the main product was not the expected 5,6-bicyclic carbazate 2.22, but the 5,5-analogue 
2.23 (65% isolated yield). 
 In order to improve the yields of allylic carbazate of type 2.23, the rearrangement of 
differently carbamoyl protected bicyclic hydrazines 2.1a, 2.1b, 2.1e was examined under the 
catalysis of different Lewis acids. Using catalytic amounts (3.0 mol%) of Cu(OTf)2 we found that 
the N-tert-butoxycarbonyl (Boc) protected hydrazine 2.1e was much more prone to the 
rearrangement reaction than 2.1c (entries 1 and 2, Table 2.7), and 2.1a (entry 3), and cleanly 
afforded the corresponding carbazate 2.24, as a white solid (entry 4, Table 2.7).28  
 
Table 2.7 Screening of reaction condition for copper-catalyzed rearrangement reaction of bicyclic 
hydrazines 
 
 
 
 
 
   
aIsolated yields after chromatographic purification on silica gel  b8 mol% of this salt was used 
c The reaction was carried out in the presence of 6 mol% of BINAp for 10 min at  
  room temperature  
 
entry substrate Lewis acid solvent conversion (%) yield (%)a 
1 2.1c Cu(OTf)2 THF - - 
2 2.1c Cu(OTf)2 CH2Cl2 95 58 (2.23) 
3 2.1a Cu(OTf)2 THF Complex mix  
4 2.1e Cu(OTf)2 THF 100 97 (2.24) 
5 2.1e CuCl THF <5 n.d 
6 1e CuCl2 THF <10 n.d 
7 1e Sc(OTf)2 THF 100 82 (2.24) 
8b 1e FeCl3 THF 95 80 (2.24) 
9 1e Zn(OTf)2 THF <10 n.d 
10c 1e Cu(OTf)2 THF 100 97 (2.24) 
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We also performed a screening of others copper(I) and copper(II) salts in the presence or in the 
absence of a coordinating ligand (entries 5 and 6, Table 2.7), but all combinations proved to be 
ineffective for the desidered rearrangement. The use of a coordinating ligand, and in particular of 
phosphorus based ligands, gave very interesting results. Actually, we found that the use of racemic 
Binap L4 (6 mol%) in combination with Cu(OTf)2 cleanly afforded the rearrangement product 2.24 
in a quantitative yield and in only 10 min at room temperature (entry 10). A similar result could be 
obtained by the use of a non-coordinating solvents such as CH2Cl2 or toluene. On the other hand, 
also Sc(OTf)3 and FeCl3 promoted this kind of transformation in high yield (entries 7 and 8), 
whereas Zn(OTf)2 gave a very low conversion (entry 9, Table 2.7). 
 With the aim of demonstrating the structure of the 5,5-fused ring system present in 2.23 
and 2.24, we prepared the corresponding p-Br- (2.32a and 2.33a) and p-nitrobenzoyl derivatives 
(2.32b and 2.33b)  of compound 2.23 and 2.24 (Scheme 2.22). The presence of corresponding 
rotamers in 1H and 13C NMR spectra of this compounds, and the results obtained by the allylic 
alkylation with Grignard reagents, the addition product 2.31 (Scheme 2.21), (not carbamate 
protection is present on the nitrogen linked to the cyclopentene framework) indicated the necessary 
formation of 5,5-fused ring systems in the rearrangement process (vide infra).  
 
 
 
 
 
 
 
 
 
 
Scheme 2.22 Synthesis of derivatives of carbazates 2.23 and 2.24 
 
Unfortunately, all attempts to have crystal of 2.32a,b and 2.33a,b suitable for X-ray 
crystallographic analysis were unsuccessful: only skinny crystals were obtained. At almost at the 
same period, Prof. Lautens and co-workers, independently obtained a X-ray crystallographic proof 
that confirmed our structural hypothesis for carbazates 2.23 and 2.24. 
 As for the copper-catalyzed reaction for N-Boc hydrazine 2.1e, the rather small solvent 
effect observed together with the failure of detection of cationic intermediates, pointed to a 
concerted cyclic mechanism which can formally be interpreted as a [3,4]-sigmatropic 
rearrangement. In this framework, the copper-phosphine complex could activate the nitrogen of the 
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hydrazine moiety, thus promoting the rearrangement process with the subsequent formation of 
volatile 2-methylpropene, as shown in Scheme 2.23. 
 
 
 
 
 
Scheme 2.23 Proposed mechanism of copper-catalyzed rearrangement reaction of 2.1e 
 
On the basis of this result, we decided to use the rearrangement product as possible candidate for an 
allylic alkylation and, in particular we examined only the rearrangement product 2.24 deriving from 
hydrazine 2.1e because more prone to react. To our delight, after having detected by TLC analysis 
that the Cu(OTf)2-BINAP-catalyzed rearrangement had occurred, the subsequent one-pot addition 
of MeMgBr and EtMgBr to 2.24 gave the corresponding monoprotected hydrazine cyclopentene 
adducts 2.34 and 2.35 with good regio- and complete anti-stereoselecvity (Table 2.8). In order to 
verify the general scope of the reaction, we examined the addition of other Grignard reagents to 
2.1e. Interestingly, the use of allylmagnesium bromide, which is rarely used in copper-catalyzed 
allylic alkylations, gave the corresponding allylated cyclopentene 2.34c very cleanly (entry 3, Table 
2.8). Also the use of benzylmagnesium bromide was satisfactory (compound 2.34d entry 4). More 
sterically demanding reagents, such as i-PrMgCl, and synthetic equivalent of the “CH2OH” anion 
[ClMgCH2SiMe2(i-PrO)], gave equally good yields of the corresponding adducts 2.34f and 2.34e, 
respectively (entries 5 and 6, Table 2.8).27 Addition of aromatic Grignard reagents proceeded in 
good yield (entry 4, 7 and 8), and also a heteroaromatic Grignard reagent, 2-thyenylmagnesium 
bromide, was successfully employed, albeit with a not complete conversion of starting hydrazine 
2.1e (entry 9). On the other hand, the addition of vinylmagnesium bromide was inefficient and 
delivered a complex mixture of products with a modest conversion (entry 10). It is worth 
mentioning that all compounds of type 2.34 were easily isolated in the pure state by 
chromatographic purification on silica gel, whereas regioisomeric adducts of type 2.35, could not 
be obtained in a pure form. 
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Table 2.8 Screening of Grignard reagents for bicyclic hydrazine 2.1e 
 
 
 
 
 
entry Grignard yield (%)a 2.34/2.35b 
  1 MeMgBr 75 (2.34a) 87/13 
  2 EtMgBr 70 (2.34b) 86/14 
  3 allylMgBr 80 (2.34c) 83/17 
  4 PhCH2MgBr 75 (2.34d) 81/19 
  5 (i-PrO)Me2SiMeMgCl 75 (2.34e) 82/18 
  6 i-PrMgCl 80 (2.34f) 86/14 
  7 PhMgBr 72 (2.34g) 83/17 
   
  8 
 
 
 
85 (2.34h) 
 
92/8 
   
  9 
 
 
 
58 (2.34j) 
 
85/15 
 10 VinylMgBr complex   
mixture 
 
              
a Determined by 1H NMR of the crude reaction mixture 
              
b Isolated yields after chromatographic purification on silica gel 
 
The relative trans-configuration of adducts of type 2.34 was demonstrated by 1H NMR analysis and 
by comparison with related 1,4-disubstituted cyclopentene derivatives. Evidently, the reaction 
intermediate allylic carbazate 2.24 is not able to direct the trajectory of the incoming organocopper 
nucleophile by coordination (with consequent syn attack), and as a consequence, the nucleophilic 
displacement follows the common anti-stereoselective pathway (2.36, Scheme 2.24). All ring-
opened adducts 2.34a-j contained only one protecting group on the nitrogen distal to the 
cyclopentene ring, indicating that the decarboxylation of the 3-carbo-tert-butiloxy-carbazic acid 
(2.37), which is formed in situ after the allylic displacement of the carbazate, spontaneously occurs. 
 
 
 
 
 
Scheme 2.24 Proposed reaction mechanism for the nucleophilic addition to carbazate 2.24 
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 It is important to strictly follow the typical procedure described in the Experimental 
Section, otherwise very complex reaction mixture are obtained. Also the use of a reversed order of 
addition of the reagents afforded different products and their distribution. As in example, the 
bicyclic hydrazine 2.1e and the Grignard reagent were added consecutively to preformed the 
catalytic complex: an inseparable mixture of regioisomeric adducts 2.38 and 2.39 bearing a double 
N-protection of the hydrazine moiety was obtained (Scheme 2.25)  
 
 
 
 
 
 
 
Scheme 2.25 Consecutively addition of Grignard reagent and bicyclic hydrazine 2.1e to the 
copper-phosphine catalytic system 
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2.3 Experimental section 
 
2.3.1 Rhodium-catalyzed ring-openig reaction 
 
 General Methods and Materials.  All reaction were carried out under argon atmosphere 
in a 25 mL schlenk tube of an RR98072 6 place Carousel Reaction StationTM from Radleys 
Discovery Technologies, equipped with gas-tight threaded caps with a valve, cooling reflux head 
system and digital temperature controller. 
 MeOH (HPLC grade) were purchased from J. T. Baker and used as such. [Rh(C2H4)2Cl]2, 
[Rh(cod)Cl]2, [Rh(C2H4)2acac]2 were purchased from Stream Chemical Co. and used without 
further purification. [Rh(cod)OH]2 was prepared from [Rh(cod)Cl]2 by a literature procedure.1 
Monophos was prepared following a previously dercribed procedure.2 All phosphine ligands used 
are commercially available from Strem and were used without further purification. Analytical TLC 
were performed on Alugram SIL G/UV254 silica gel sheets (Macherey- Nagel) with detection by 
0.5% Phosphomolybdic acid solution in 95% EtOH. Silica gel 60 (Macherey- Nagel 230- 400 
mesh) was used for flash chromatography. Solvents for extraction and chromatography were HPLC 
grade.  
1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. Chemical shifts are 
reported in ppm downfield from tetramethylsilane with the solvent resonance as the internal 
standard (deuterochloroform: δ 7.26, deuteromethanol: δ 3.31). 13C NMR spectra were recorded on 
a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton decoupling. Chemical 
shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as the 
internal standard (deuterochloroform: δ 77.0, deuteromethanol: δ 49.0). Analytical high 
performance liquid chromatography (HPLC) were performed on a Waters 600E equipped with 
Varian Prostar 325 detector using Daicel Chiralcel OD-H column with 0.5 mL and Daicel chiralpak 
AD-H column with detection at 254 nm. 
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. Mass spectra ESIMS were 
measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped with a software Xcalibur. 
 
Synthesis of bicyclic hydrazines 2.1a-e. 
Cyclic hydrazines were prepared following a previously described procedure.29 
 
Synthesis of 1-alkynyldiisopropylboronates A-G.21 
To a solution of an alkyne (10 mmol) in anhydrous diethyl ether (20.0 mL) was added BuLi (1.56 
M in hexane, 6.4 mL, 10.0 mmol) at –78°C and the reaction mixture was stirred for three hours at –
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78°C. The resulting mixture was added via cannula to a solution of triisopropylborate (1.88 g, 10 
mmol) in anhydrous diethyl ether at –78°C and slowly warmed to room temperature over 3 hours. 
The solvent was removed in vacuo and diethyl ether (10 mL) and a solution of hydrogen chloride in 
diethyl ether (1.5M, 6.6 mL, 10 mmol) were added to the resulting powder at –78°C.  The mixture 
was slowly warmed at room temperature over three hours. Filtration of the resulting suspension 
followed by distillation gave alkynylboronates A-E. 
 
MONOPHOS Phosphorous Oxide L8 was prepared following a 
previously described procedure.23 
 
 
Chiral ligand L3 was prepared following a previously described 
procedure.20 
In a three necked flask, to a suspension of NaH (2.0 g, 60% in mineral 
oil) in anhydrous THF (20.0 mL) was added (S)-BINOL (2.86 g, 10.0 
mmol) under argon protection. The reaction was allowed to react for 10 
minutes and ethoxymethylchloride (2.23 mL, 24 mmol) was added.  
To the resulting BINOL derivative (4.31 g, 9.57 mmol) in anhydrous Et2O (160 mL) was added 
dropwise BuLi 1.6 M (17.94 mL, 28.71 mmol) under argon protection at room temperature and the 
mixture was allowed to react for three hours at room temperature. Successively, anhydrous THF 
(105 mL) was added, the reaction was cooled to 0°C and ClPPh2 (5.32 mL, 28.71 mmol) was 
quickly added. After 1 hour at room temperature, the mixture was quenched with a saturated 
aqueous solution of NH4Cl and brine.  
The resulting product (9.18 g, 11.92 mmol) in MeOH (460 mL) was allowed to react with HCl conc 
(37%) in a three necked flask at 60°C for 1 hour. The organic solvent was evaporated in vacuo and 
the crude residue was dissolved in AcOEt. The resulting solution was washed with a saturated 
aqueous solution of NaHCO3 and brine. The product was purified by column chromatography 
(hexanes:dichloromethane= 6:4). 
 To a solution of this compound (307 mg, 0.47 mmol) in toluene (10 ml) was added 
hexaethylphosphinetriamide (0.15 ml, 0.54 mmol) and the mixture was warmed to 110 °C for 18 
hours. The solvent was concentrated in vacuo and the ligand L3 was purified by column 
chromatography (hexanes: AcOEt 9:1), as a white solid. 
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O
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General procedure for the Rh-Catalyzed Desymmetrization of Compounds 2.1a,e with 
Alkenylboronic acids. 
A dried schlenk tube was charged, under argon protection, with Rh(I) salt (3.0-6.0 mol %) and 
chiral ligand (12 mol%). MeOH (1.0 mL) was added and the mixture was stirred for 30 min at 
room temperature. Cyclic hydrazine 2.1a,e (0.2 mmol) in MeOH (1.0 mL), alkenylboronic acid (0.4 
mmol) and a base (0.4 mmol) were then introduced and the reaction mixture was warmed at 65°C. 
The reaction was followed by TLC and was quenched with NaHCO3 (2.0 mL). The solution was 
diluted with CH2Cl2 (20 mL). The acqueous phase was separated and extracted further with CH2Cl2 
(10 mL) and Et2O (10 mL). Combined organic fractions were dried over magnesium sulfate and 
filtered. Evaporation of the organic solution afforded a crude reaction mixture that was purified by 
silica gel column chromatography to give the pure compounds of type 2.24 and 2.25. 
 
General procedure for the Rh-Catalyzed Desymmetrization of Compounds 2.1a- c with 
Alkynylboronic Esters. 
A dried schlenk tube was charged, under argon protection, with Rh(I) salt (3.0-6.0 mol %) and 
chiral ligand (12 mol%). MeOH (1.0 mL) was added and the mixture was stirred for 30 min at 
room temperature. Cyclic hydrazine 2.1a,c,e (0.2 mmol) in MeOH (1.0 mL), alkynylboronic ester 
(0.4 mmol) and a base (0.4 mmol) were then introduced and the reaction mixture was warmed at 
65°C. The reaction was followed by TLC and was quenched with NaHCO3 (2.0 mL). The solution 
was diluted with CH2Cl2 (20 mL). The acqueous phase was separated and extracted further with 
CH2Cl2 (10 mL) and Et2O (10 mL). Combined organic fractions were dried over magnesium sulfate 
and filtered. Evaporation of the organic solution afforded a crude reaction mixture that was purified 
by silica gel column chromatography to give the pure compounds of type 2.26. 
 
Spectral data 
 
di-tert-Butyl 1-((1R,2S)-2-(1-phenylvinyl)cyclopent-3-enyl) hydrazine-
1,2-dicarboxylate (2.24ea) (Entry 1, Table 2.1). 
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg, 0.006 
mmol) and (R)-Tol-BINAP L5 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was stirred for 30 minutes 
at rt. Then a solution of bicyclic hydrazine 2.1e (59.2 mg, 0.2 mmol) in MeOH (1.0 mL), 1-
phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and CsF (60.7 mg, 0.4 mmol) were added. 
The mixture was allowed to react for 4 hours at 65°C. The product 2.24ea was isolated (Yield= 
75%) by column chromatography eluting with hexanes/AcOEt 9:1, as a colorless liquid. 
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H-NMR (250 MHz, CDCl3) δ 1.2-1.45 (m, 18H); 2.38-2.71 (m, 2H); 3.85-4.05 (s, 1H); 4.55-4.81 
(s, 1H); 5.09-5.11 (s, 1H); 5.14-5.24 (s, 1H); 5.61-5.72 (m, 1H); 5.74-5.81 (m, 1H); 5.85-6.07 (s, 
1H); 7.21-7.47 (m, 5H). 
13C-NMR (62.5 MHz, CDCl3) δ 28.22, 35.81, 53.03, 64.27, 76.78, 77.18, 77.69, 81.16, 112.84, 
126.81, 127.48, 128.39, 129.89, 132.21, 141.88, 150.42, 154.42, 155.91. 
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 98/2, retention times (min): 9.71 (minor stereoisomer), 10.83 (major 
stereoisomer). 
 
di-tert-Butyl 1-((1R,2S)-2-((E)-styryl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (2.24eb) (Entry 4, Table 2.1) 
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg, 
0.006 mmol) and (R)-Tol-BINAP L5 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was stirred for 30 
minutes at rt. Then a solution of bicyclic hydrazine 2.1e (59.2 mg, 0.2 mmol) in MeOH (1.0 mL), 
trans-2-phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and CsF (60.7 mg, 0.4 mmol) were 
added. The mixture was allowed to react for 5 hours at 65°C. The product 2.24eb was isolated 
(Yield= 83%) by column chromatography eluting with hexanes/AcOEt 9:1, as a solid. M.p= 64°C 
1H-NMR (250 MHz, CDCl3) δ 1.2-1.45 (m, 18H); 2.40-2.68 (m, 2H); 3.43-3.59 (s, 1H); 4.55-4.68 
(s, 1H); 5.53-5.62 (m, 1H); 5.71-5.80 (m, 1H); 6.13-6.34 (m, 2H); 6.38-6.46 (d, 1H); 7.12-7.39 (m, 
5H). 
13C-NMR (62.5 MHz, CDCl3) δ 28.2, 35.1, 51.5, 64.1, 76.5, 77.1, 77.6, 81.3, 126.2, 127.0, 128.4, 
129.7, 130.0, 131.7, 131.9, 137.4. 
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 90/10, retention times (min): 7.73 (minor stereoisomer), 8.68 (major 
stereoisomer). 
 
Diethyl 1-((1R,2S)-2-(1-phenylvinyl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (2.24aa) (Entry 1, Table 2.2). 
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg, 
0.006 mmol) and (R)-Tol-BINAP L5 (8.1 mg, 0.012 mmol) in MeOH (1.0 mL) was stirred for 30 
minutes at rt. Then a solution of bicyclic hydrazine 2.1a (48 mg, 0.2 mmol) in MeOH (1.0 mL), 1-
phenylvinyl boronic acid (Aldrich) (59.2 mg, 0.4 mmol) and K2CO3 (55.2 mg, 0.4 mmol) were 
added. The mixture was allowed to react for 18 hours at 65°C. The product 2.24aa was isolated 
(Yield= 91%) by column chromatography eluting with hexanes/AcOEt 7:3. 
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1H NMR (250 MHz, CDCl3) δ 0.95-1.11 (m, 3H); 1.16-1.41 (m, 3H); 2.38-2.69 (m, 2H); 3.79-4.06 
(m, 3H); 4.10-4.21 (m, 2H); 4.51-4.73 (br,s, 1H); 5.01-5.11 (d, 1H); 5.15-5.28 (d, 1H); 5.61-5.70 
(m, 1H); 5.73-5.81 (m, 1H); 6.03-6.43 (br, 1H); 7.19-7.46 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 14.3, 14.4, 29.7, 35.6, 62.1, 62.3, 64.2, 76.5, 77.0, 77.6, 112.8, 
126.6, 127.4, 128.2, 129.8, 131.8, 150.1. 
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 90/10, retention times (min): 12.73 (minor stereoisomer), 17.54 (major 
stereoisomer). 
 
Diethyl 1-((1R,2S)-2-((E)-styryl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (2.24ab) (Entry 5, Table 2.2). 
Using the general procedure described above, [Rh(C2H4)2Cl]2 (2.3 mg, 
0.006 mmol) and (R)-Tol-BINAP L5 (8.1 mg, 0.012 mmol) in 
dioxane:water 10:1 (1.0 mL) was stirred for 30 minutes at rt. Then a solution of bicyclic hydrazine 
2.1a (48 mg, 0.2 mmol) in dioxane:water 10:1 (1.0 mL), trans-2-phenylvinyl boronic acid (Aldrich) 
(59.2 mg, 0.4 mmol) and K2CO3 (55.2 mg, 0.4 mmol) were added. The mixture was allowed to 
react for 12 hours at 65°C. The product 2.24ab was isolated (Yield= 90%) by column 
chromatography eluting with hexanes/AcOEt 8:2. 
1H NMR (250 MHz, CDCl3) δ 0.95-1.11 (m, 3H); 1.16-1.41 (m, 3H); 2.38-2.71 (m, 2H); 3.54-3.68 
(br,s, 1H); 4.06-4.29 (m, 4H); 4.61-4.83 (m, 1H); 5.62-5.71 (m, 1H); 5.74-5.81 (m, 1H); 6.11-6.28 
(m, 1H); 6.39-6.58 (m, 2H); 7.12-7.39 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 14.4, 35.1, 51.3, 62.1, 62.5, 64.7, 76.5, 77.0, 77.5, 126.1, 127.1, 
128.4, 129.6, 130.2, 131.2, 131.9, 137.4. 
HPLC analysis performed on a Daicel Chiralcel® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 90/10, retention times (min): 15.12 (minor stereoisomer), 18.13 (major 
stereoisomer). 
 
di-tert-Butyl 1-((1R*,2S*)-2-(hex-1-ynyl)cyclopent-3-enyl) 
hydrazine-1,2-dicarboxylate (2.26ec) (Entry 3, Table 2.3). 
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 mg, 
0.006 mmol) and rac-Monophos (8.64 mg, 0.024 mmol) in MeOH (1.0 
mL) was stirred for 30 minutes at rt. Then a solution of hydrazine 2.1e (59.2 mg, 0.2 mmol) in 
MeOH (1.0 mL), 1-hexynyldiisopropylboronate C (84 mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4 
mmol) were added. The mixture was allowed to react for 16 hours at 65°C. The product 2.26ec 
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(conversion= 85%) was isolated (Yield= 78%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.86 (t, 3H, J= 7.0 Hz); 1.25- 1.54 (m, 4H); 1.44 (s, 9H); 1.45 (s, 
9H); 2.08- 2.15 (m, 2H); 3.42- 3.58 (m, 1H); 4.72- 4.84 (m, 1H); 5.50- 5.57 (m, 1H); 5.59-5.67 (m, 
1H); 5.89 and 6.18 NH (coalescing br, s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 13.6, 18.5, 21.9, 28.1, 28.2, 31.0, 34.8, 39.2, 65.9, 77.3, 78.7,  81.4, 
89.4, 129.4, 130.6, 154.6, 155.8. 
 
di-tert-Butyl 1-((1R*, 2S*)-2-(oct-1-ynyl)cyclopent-3-
enyl)hydrazine-1,2-dicarboxylate (2.26ed) (Entry 4, Table 2.3). 
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 
mg, 0.006 mmol) and rac-Monophos (8.64 mg, 0.024 mmol) in 
MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazine 2.1e (59.2 mg, 0.2 
mmol) in MeOH (1.0 mL), 1-octynyldiisopropylboronate D (95.2 mg, 0.4 mmol) and NaHCO3 
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The 
product 2.26ed was isolated (Yield= 95%) by column chromatography eluting with hexanes/AcOEt 
9:1, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.77-0.89 (m, 3H); 1.16-1.29 (m, 6H); 1.32-1.52 (m, 18H); 2.02-
2.16 (m, 2H); 2.39-2.65 (m, 2H); 3.41-3.63 (br,s, 1H); 4.70-4.89 (m, 1H); 5.50-5.59 (m, 1H); 5.60-
5.70 (m, 1H); 6.03 and 6.31 NH (coalescing br, s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 14.0, 18.8, 22.5, 28.1, 28.5, 28.9, 31.3, 34.6, 39.2, 65.7, 77.2, 78.7, 
81.3, 89.4, 129.3, 130.6, 154.6, 155.8. 
 
 
Diethyl 1-((1R*,2S*)-2-(hex-1-ynyl)cyclopent-3-enyl) hydrazine -1,2-
dicarboxylate (2.26ac) (Entry 1, table 2.3). 
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 mg, 
0.006 mmol) and rac-Monophos (8.64 mg, 0.024 mmol) in MeOH (1.0 
mL) was stirred for 30 minutes at rt. Then a solution of hydrazine 2.1a (48 mg, 0.2 mmol) in 
MeOH (1.0 mL), 1-hexynyldiisopropylboronate C (84 mg, 0.4 mmol) and NaHCO3 (33.6 mg, 0.4 
mmol) were added. The mixture was allowed to react for 4 hours at 65°C. The product 2.26ac was 
isolated (Yield= 92%) by column chromatography eluting with hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.78-0.91 (m, 3H); 1.12-1.28 (m, 6H); 1.34-1.48 (m, 4H); 2.05-2.15 
(m, 2H); 2.32-2.56 (m, 2H); 3.48-3.60 (br,s, 1H); 4.09-4.22 (m, 4H); 4.78-4.89 (m, 1H); 5.51-5.60 
(m, 1H); 5.62-5.70 (m, 1H); 6.31-6.50 (br, 1H).  
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13C NMR (62.5 MHz, CDCl3) δ 13.5, 14.3, 14.4, 18.4, 21.8, 30.9, 34.6, 39.1, 62.2, 62.6, 65.8, 80.1, 
129.1, 130.6 156.90, 158.16. 
 
Diethyl 1-((1R*,2S*)-2-(oct-1-ynyl)cyclopent-3-enyl) 
hydrazine-1,2-dicarboxylate (2.26ad) (Entry 2, Table 2.3). 
Using the general procedure described above, [Rh(cod)Cl]2 (2.95 
mg, 0.006 mmol) and rac-Monophos (8.64 mg, 0.024 mmol) in 
MeOH (1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazine 2.1a (59.2 mg, 0.2 
mmol) in MeOH (1.0 mL), 1-octynyldiisopropylboronate D (95.2 mg, 0.4 mmol) and NaHCO3 
(33.6 mg, 0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The 
product 2.26 ad was isolated (Yield= 84%) by column chromatography eluting with 
hexanes/AcOEt 9:1, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.78- 0.91 (m, 3H); 1.12- 1.40 (m, 6H); 2.08- 2-17 (m, 2H); 2.38- 
2.70 (m, 2H); 3.53 (br, s, 1H); 4.09- 4.26 (m, 4H); 4.78- 4.91 (m, 1H); 5.49- 5.59 (m, 1H); 5.61- 
5.70 (m, 1H); 6.20 and 6.39 NH (coalescing br, s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 14.0, 14.3, 14.4, 18.8, 22.5, 28.5, 28.9, 29.7, 31.3, 34.7, 39.1, 62.2, 
62.5, 65.9, 80.1, 81.8, 129.1, 130.6, 153.8, 156.8. 
 
Asymmetric Version: Absolute Configuration of Compounds of Type 3 and Characterization 
Data of New Compounds of Type 2.26. (Table 2.4 and Table 2.5).  
Absolute configurations were given on the basis of the facial selectivity observed in the related 
Rhodium-(R)-Tol-BINAP-catalyzed addition of aryl boronic acids to bicyclic hydrazines.27 
 
(-)-Dibenzyl-1-((1R,2S)-2-(hex-1-ynyl)cyclopent-3-enyl) hydrazine-
1,2-dicarboxylate (2.26cc) (Entry 3, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 
0.01 mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was stirred for 30 
minutes at rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 mL), 1-
hexynyldiisopropylboronate C (84 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) were added. 
The mixture was allowed to react for 18 hours at 65°C. The product 2.26cc (conversion= 81%) was 
isolated (Yield= 54%) by column chromatography eluting with hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.78- 0.98 (m, 3H); 1.15- 1.50 (m, 4H); 2.02- 2.13 (m, 2H); 2.38- 
2.71 (m, 2H); 3.49- 3.61 (m, 1H); 4.80- 4.92 (m, 1H); 5.01- 5.22 (m, 4H); 5.50- 5.69- (m, 2H); 6.49 
NH (br, s, 1H); 7.12- 7.45 (m, 10H). 
N
COOEtHN
COOEt
N
COOBnHN
COOBn
Chapter 2 
 
77 
13C NMR (62.5 MHz, CDCl3) δ 13.6, 18.4, 21.9, 30.9, 34.7, 39.1, 66.1, 67.9 (2C); 77.2, 127.8, 
128.1, 128.5, 129.1, 130.6, 135.8, , 155.2, 157.2. 
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 93/7, retention times (min): 29.6 (minor, stereoisomer), 44.1 (major, 
stereoisomer). 
[α]20D= -31.5 (c 1.5, CHCl3). 
 
(-)-Dibenzyl-1-((1R, 2S)-2-(hex-1-ynyl)cyclopent-3-enyl) hydrazine-
1,2-dicarboxylate (2.26cc) (Entry 3, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 
0.01 mmol) and (R)-Xylyl-BINAP (17.6 mg, 0.024 mmol) in MeOH 
(1.0 mL) was stirred for 30 minutes at rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in 
MeOH (1.0 mL), 1-hexynyldiisopropylboronate C (84 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 
mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26cc 
(conversion= 66%) was isolated (Yield= 43%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 0.78- 0.98 (m, 3H); 1.15- 1.50 (m, 4H); 2.02- 2.13 (m, 2H); 2.38- 
2.71 (m, 2H); 3.49- 3.61 (m, 1H); 4.80- 4.92 (m, 1H); 5.01- 5.22 (m, 4H); 5.50- 5.69- (m, 2H); 6.49 
NH (br, s, 1H); 7.12- 7.45 (m, 10H). 
13C NMR (62.5 MHz, CDCl3) δ 13.6, 18.4, 21.9, 30.9, 34.7, 39.1, 66.1, 67.9 (2C); 77.2, 127.8, 
128.1, 128.5, 129.1, 130.6, 135.8, , 155.2, 157.2. 
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 93/7, retention times (min): 29.6 (minor, stereoisomer), 44.1 (major, 
stereoisomer). 
[α]20D= -31.5 (c 1.5, CHCl3). 
 
(-)-Dibenzyl 1-((1R, 2S)-2-(phenylethynyl)cyclopent-3-enyl) hydrazine-
1,2-dicarboxylate (2.26cf) (Entry 7, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Xylyl-BINAP (17.6 mg, 0.024 mmol) in MeOH (1.0 mL) was 
stirred for 30 minutes at rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 
mL), diisopropyl phenylethynylboronate F (92 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) 
were added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26cf 
(conversion= 85%) was isolated (Yield= 67%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a semisolid. 
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1H NMR (250 MHz, CDCl3) δ 2.41- 2.79 (m, 2H); 3.77- 3.89 (br, s, 1H); 4.95- 5.23 (m, 5H); 5.59- 
5.72 (m, 2H); 6.61 NH (br, s, 1H); 7.05- 7.40 (m, 15H). 
13C NMR (62.5 MHz, CDCl3) δ 34.9, 39.9, 65.8, 68.0, 68.4, 77.2, 127.8, 127.9, 128.1, 128.4, 128.5, 
128.6, 129.8, 131.6, 131.7, 155.2, 157.2.  
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 90/10, retention times (min): 52.2 (minor, stereoisomer), 63.7 (major, 
stereoisomer). 
[α]20D= -141.3 (c 1.5, CHCl3). 
 
Diethyl 1-((1R, 2S)-2-(phenylethynyl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (2.26af). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was 
stirred for 30 minutes at rt. Then a solution of hydrazine 2.1a (48.1 mg, 0.2 mmol) in MeOH (1.0 
mL), diisopropyl phenylethynylboronate F (92 mg, 0.4 mmol) and CsF (60.8 mg, 0.4 mmol) were 
added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26af (conversion= 
75%) was isolated (Yield= 58%) by column chromatography eluting with hexanes/AcOEt 8:2, as a 
oil. 
1H NMR (250 MHz, CDCl3) δ 1.10- 1.31 (m, 6H); 2.39- 2.71 (m, 2H); 3.82 (br, s, 1H); 4.07- 4.30 
(m, 4H); 4.90- 5.09 (m, 1H); 5.60- 5.69 (m, 1H); 5.70- 5.78 (m, 1H); 6.26- 6.58 NH (m, 1H); 7.20- 
7.42 (m, 5H). 
13C NMR (62.5 MHz, CDCl3) δ 14.1, 14.4, 34.7, 39.8, 62.3, 62.7, 65.6, 77.2, 127.8, 128.1, 128.4, 
128.6, 129.8, 131.6, 155.5, 156.1. 
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 92/8, retention times (min): 20.0 (minor, stereoisomer), 26.7 (major, 
stereoisomer). 
 
(-)-Di-tert-butyl 1-((1R, 2S)-2-(phenylethynyl)cyclopent-3-enyl)hydrazine-
1,2-dicarboxylate (2.26ef) (Entry 4, Table 2.4). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Xylyl-BINAP (17.6 mg, 0.024 mmol) in MeOH (1.0 mL) was 
stirred for 30 minutes at rt. Then a solution of hydrazine 2.1e (59.2 mg, 0.2 mmol) in MeOH (1.0 
mL), diisopropyl phenylethynylboronate F (92 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) 
were added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26ef 
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(conversion= 83%) was isolated (Yield= 48%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 1.44 (s, 9H); 1.53 (s, 9H); 2.48- 2.72 (m, 2H); 3.83 (br, s, 1H); 5.62- 
5.69 (m, 1H); 5.71- 5.78 (m, 1H); 7.18- 7.48 (m, 5H).   
13C NMR (62.5 MHz, CDCl3) δ 28.1, 28.2, 34.8, 39.9, 65.6, 77.2, 78.7, 81.54, 90.37, 127.6, 127.9, 
128.1, 129.2, 131.6, 131.7, 154.5, 155.7.  
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 97/3, retention times (min): 10.4 (major, stereoisomer), 11.3 (minor, 
stereoisomer). 
[α]20D= -102.8 (c 1.0, CHCl3). 
 
(-)-Di-tert-butyl 1-((1R, 2S)-2-(phenylethynyl)cyclopent-3-enyl)hydrazine-
1,2-dicarboxylate (2.26ef) (Entry 4, Table 2.4). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was stirred for 30 minutes at 
rt. Then a solution of hydrazine 2.1e (59.2 mg, 0.2 mmol) in MeOH (1.0 mL), diisopropyl 
phenylethynylboronate F (92 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) were added. The 
mixture was allowed to react for 18 hours at 65°C. The product 2.26ef (conversion= 80%) was 
isolated (Yield= 45%) by column chromatography eluting with hexanes/AcOEt 8:2, as a oil. 
1H NMR (250 MHz, CDCl3) δ 1.44 (s, 9H); 1.53 (s, 9H); 2.48- 2.72 (m, 2H); 3.83 (br, s, 1H); 5.62- 
5.69 (m, 1H); 5.71- 5.78 (m, 1H); 7.18- 7.48 (m, 5H).   
13C NMR (62.5 MHz, CDCl3) δ 28.1, 28.2, 34.8, 39.9, 65.6, 77.2, 78.7, 81.54, 90.37, 127.6, 127.9, 
128.1, 129.2, 131.6, 131.7, 154.5, 155.7.  
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 97/3, retention times (min): 10.4 (major, stereoisomer), 11.3 (minor, 
stereoisomer). 
[α]20D= -102.8 (c 1.0, CHCl3). 
 
Dibenzyl 1-((1R, 2S)-2-(3,3-dimethylbut-1-ynyl)cyclopent-3-
enyl)hydrazine-1,2-dicarboxylate (2.26ce) (Entry 5, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was 
stirred for 30 minutes at rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 
mL), diisopropyl 3,3-dimethylbut-1-ynylboronate E (84.1 mg, 0.4 mmol) and MeONa (21.6 mg, 
0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26ce 
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(conversion= 55%) was isolated (Yield= 40%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a semisolid. 
1H NMR (250 MHz, CDCl3) δ 1.08 (s, 9H); 2.45- 2.53 (m, 2H); 3.41- 3.54 (m, 1H); 4.73- 4.85 (m, 
1H); 5.01- 5.20 (m, 1H); 5.44- 5.51 (m, 1H); 5.53-5.60 (m, 1H); 7.13- 7.40 (m, 10H).   
13C NMR (62.5 MHz, CDCl3) δ 31.1, 34.8, 38.9, 65.9, 66.2, 68.2, 77.1, 127.8, 128.1, 128.4, 128.5, 
129.1, 130.1, 135.5, 135.9, 156.6.  
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 93/7, retention times (min): 28.5 (minor, stereoisomer), 35.8 (major, 
stereoisomer). 
 
Dibenzyl 1-((1R, 2S)-2-(3,3-dimethylbut-1-ynyl)cyclopent-3-
enyl)hydrazine-1,2-dicarboxylate (2.26ce) (Entry 5, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Xylyl-BINAP (17.6 mg, 0.024 mmol) in MeOH (1.0 mL) was 
stirred for 30 minutes at rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 
mL), diisopropyl 3,3-dimethylbut-1-ynylboronate E (84.1 mg, 0.4 mmol) and MeONa (21.6 mg, 
0.4 mmol) were added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26ce 
(conversion= 43%) was isolated (Yield= 36%) by column chromatography eluting with 
hexanes/AcOEt 8:2, as a semisolid. 
.
 1H NMR (250 MHz, CDCl3) δ 1.08 (s, 9H); 2.45- 2.53 (m, 2H); 3.41- 3.54 (m, 1H); 4.73- 4.85 (m, 
1H); 5.01- 5.20 (m, 1H); 5.44- 5.51 (m, 1H); 5.53-5.60 (m, 1H); 7.13- 7.40 (m, 10H).   
13C NMR (62.5 MHz, CDCl3) δ 31.1, 34.8, 38.9, 65.9, 66.2, 68.2, 77.1, 127.8, 128.1, 128.4, 128.5, 
129.1, 130.1, 135.5, 135.9, 156.6.  
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 93/7, retention times (min): 28.5 (minor, stereoisomer), 35.8 (major, 
stereoisomer). 
 
Dibenzyl 1-((1R,2S)-2-((trimethylsilyl)ethynyl)cyclopent-3-
enyl)hydrazine-1,2-dicarboxylate (2.26cg) (Entry 8, Table 2.5). 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was stirred for 30 minutes at 
rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 mL), diisopropyl 
(trimethylsilyl)ethynylboronate G (90.5 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) were 
added. The mixture was allowed to react for 18 hours at 65°C. The product 2.26cg (conversion= 
N
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38%) was isolated (Yield= 18%) by column chromatography eluting with hexanes/AcOEt 8:2, as a 
oil. 
1H NMR (250 MHz, CDCl3) δ 0.18 (s, 9H); 2.37- 2.70 (m, 2H); 3.60- 3.72 (m, 1H); 4.90- 5.02 (m, 
1H); 5.10- 5.25 (m, 4H); 5.50- 5.60 (m, 1H); 5.62- 5.73 (m, 1H); 6.49 NH (br, s, 1H); 7.20- 7.43 
(m, 10H). 
HPLC analysis performed on a Daicel Chiralcel ® OD-H column, flow rate: 0.5 mL/min, mobile 
phase: hexane/isopropanol 90/10, retention times (min): 19.4 (minor, stereoisomer), 22.7 (major, 
stereoisomer). 
 
Dibenzyl 1-((1R,2S)-2-(ethynyl)cyclopent-3-enyl)hydrazine-1,2-
dicarboxylate (2.27) (Scheme 2.20) 
Using the general procedure described above, [Rh(C2H4)Cl]2 (3.9 mg, 0.01 
mmol) and (R)-Tol-BINAP (16.3 mg, 0.024 mmol) in MeOH (1.0 mL) was stirred for 30 minutes at 
rt. Then a solution of hydrazine 2.1c (72.8 mg, 0.2 mmol) in MeOH (1.0 mL), diisopropyl 
(trimethylsilyl)ethynylboronate G (90.5 mg, 0.4 mmol) and MeONa (21.6 mg, 0.4 mmol) were 
added. The mixture was allowed to react for 4 days at 65 °C. The desilylated product 2.27 was 
isolated in mixture with benzylic alcohol by column chromatography eluting with hexanes/AcOEt 
8:2, as a brownish oil. 
1H NMR (250 MHz, CDCl3) δ 2.06 (br s, 1H); 2.37- 2.57 (m, 2H); 3.55- 3.69 (m, 1H); 4.90- 5.29 
(m, 5H); 5.50- 5.60 (m, 1H); 5.62- 5.72 (m, 1H); 6.50- 6.65 NH (br, s, 1H); 7.20- 7.43 (m, 10H). 
 
2.3.2 Copper-catalyzed rearrangement and ring-opening reaction 
 
General Methods and Materials. All reactions were carried out under an argon atmosphere in 
oven dried 10 mL or 25 mL Schlenk tubes. THF was freshly distilled from sodium/benzophenone 
ketyl. Anhydrous CH2Cl2 (containing molecolar sieves) was purchased and used as received. All 
commercially available compounds were used without further purification. Grignard solutions were 
either synthesized from the corresponding bromides or purchased from Aldrich and used as 
received. The Grignard reagent deriving from Ethyl-4-iodobenzoate was obtained by iodine-
magnesium exchange with i-PrMgCl in accordance with a previously reported procedure. 
Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets with detection by p-
anisaldeyde acid solution in EtOH. Silica gel 60 was used for flash chromatography. Solvents for 
extraction and chromatography were HPLC grade.  
1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. Chemical shifts are 
reported in ppm downfield from tetramethylsilane with the solvent resonance as the internal 
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standard (deuterochloroform: δ 7.26, deuteroacetonitrile: δ 1.94). 13C NMR spectra were recorded 
on a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton decoupling. Chemical 
shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as the 
internal standard (deuterochloroform: δ 77.0, deuteroacetonitrile: δ 1.32). 
Melting points were determined on a Kofler apparatus and are uncorrected. 
Elemental analyses were performed Elemental analyses were performed in our analytical laboratory 
with a Carlo Erba DP200 instrumentation at the Department of Pharmaceutical Sciences of the 
University of Pisa. 
 
General Procedures 
Rearrangement of [2.2.1] bicyclic hydrazines 2.1a,c,e (Table 2.7). 
A dried Schlenk tube was charged under argon protection with the Lewis acid (3 mol %) (see Table 
1) in anhydrous THF (CH2Cl2 for entries 1 and 2) (1.0 mL). When external phosphine ligands (6.0 
mol%) in combination with Cu(OTf)2 were used (entry 10), the mixture was stirred for 10 min at rt 
in THF. After the addition of the bicyclic hydrazine 2.1a, 2.1c and 2.1e (0.2 mmol) in anhydrous 
THF (1.0 mL), the mixture was stirred at rt for the time indicated in Table 2.7. The reaction was 
followed by TLC, quenched with NH4Cl (2.0 mL) diluted with Et2O (10 mL). The aqueous phase 
was separated and extracted further with CH2Cl2 (10 mL). Combined organic fractions were dried 
over MgSO4 and filtered. Evaporation of the organic solution afforded a crude reaction mixture that 
was purified by silica gel column chromatography to give the pure compounds of type 2.23 and 
2.24. 
 
Cu(OTf)2-binap catalyzed one-pot rearrangement allylic alkylation of 2.1e with Grignard 
reagent (Table 2.8). 
Under argon atmosphere, a mixture of Cu(OTf)2 (2.65 mg, 0.006 mmol) and racemic Binap (7.50 
mg, 0.012 mmol) in anhydrous THF (1.0 mL) was stirred for 10 min at rt. Cyclic hydrazine 2.1e 
(0.2 mmol) in anhydrous THF (1.0 mL) was added, and the mixture was stirred at rt for ca. 15 min 
(TLC detection). The mixture was cooled at 0°C, and then the Grignard reagent (3.0 equiv) was 
dropwise added. The reaction was followed by TLC, quenched with NH4Cl (2.0 mL) and diluted 
with Et2O (10 mL). The aqueous phase was separated and extracted further CH2Cl2 (10 mL). The 
combined organic fractions were dried (MgSO4) and filtered. Evaporation of the organic solution 
afforded a crude reaction mixture that was purified by silica gel column chromatography to give the 
pure compounds of type 2.34. 
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Spectral data 
 
Benzyl (2-oxo-3a,4-dihydro-2H-cyclopenta[d]oxazol-3(6aH)-
yl)carbamate (2.23) (entry 2, Table 2.7). 
Using the general procedure described, a mixture of Cu(OTf)2 (2.65 mg, 
0.006 mmol) in anhydrous CH2Cl2 (1.0 mL) and hydrazine 2.1c (59.2 mg, 0.2 mmol) in anhydrous 
CH2Cl2 (1.0 mL) was stirred for 16 h (70% conversion). The product 2.23 was isolated by column 
chromatography (23 mg, 48%) as a yellow oil eluting with hexanes/AcOEt 7:3. The spectroscopic 
data were in agreement with those previously reported.9 
 
 
tert-Butyl (2-oxo-3a,4-dihydro-2H-cyclopenta[d]oxazol-3(6aH)-
yl)carbamate (2.24) (entry 10, Table 2.7). 
 Using the general procedure, a mixture of Cu(OTf)2 (13.3 mg, 0.03 mmol) 
and rac-Binap (37.5 mg, 0.06 mmol) in anhydrous THF (4.0 mL) was stirred for 10 minutes at rt. 
Then a solution of hydrazine 2.1e (296 mg, 1.0 mmol) in anhydrous THF (2.0 mL) was added, and 
the mixture was stirred for 15 min (100% conversion). After a simple chromatographic purification 
on SiO2 eluting with hexanes/AcOEt 7:3 for the separation from the ligand the compound 2.24, in 
contrast to the data reported, was obtained as a white solid (233 mg, 97%). Further recrystallization 
with petroleum-benzine AcOEt (8:2), gave analytically pure material. M.p. 153 °C. 
1H NMR (250 MHz, CDCl3) δ 1.48 (s, 9H); 2.50-2.68 (m, 2H); 4.51 (br s, 1H); 5.48 (d, 1H); 5.81-
5.86 (m, 1H); 6.03-6.10 (m, 1H); 6.08 (br s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 28.1, 37.1,58.2, 83.0, 128.1, 135.6, 153.4, 154.5. 
 
 
tert-Butyl-4-nitrobenzoyl(2-oxo-3a,4-dihydro-2H-cyclopenta[d]oxazol-
3(6aH)-yl)carbamate (2.33b). 
A dried Schlenk tube was charged, under argon protection, with NaH 60% 
(31.8 mg, 0.78 mmol) in anhydrous CH2Cl2 (9.0 mL) and compound 2.24 
(161.0 mg, 0.68 mmol) in CH2Cl2 (1.0 mL) was dropwise added and stirred 
for 1 h at rt. The mixture was cooled at 0°C and then freshly crystallized p-
NO2 benzoyl chloride was added and stirred a rt for 12 h and quenched with H2O (2.0 mL). The 
solution was diluted with CH2Cl2 (10 mL). The aqueous phase was separated and extracted further 
with Et2O (10 mL) and CH2Cl2 (10 mL). Combined organic fractions were dried over MgSO4 and 
filtered. The product 2.33b was isolated by column chromatography eluting with hexanes/AcOEt 
7:3 (167 mg, 64%), as a white solid. M.p. 161 °C (dec). 
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1H NMR (250 MHz, CDCl3) (presence of rotamers) δ 1.36 (s, 4.5H); 1.39 (s, 4.5H); 2.51-2.68 (m, 
1H); 2.73-2.87 (m, 1H); 4.51-4.6 (t, 0.50 H, J=6.8 Hz); 4.64-4.72 (t, 0.50 H, J=6.6 Hz); 5.52-5.60 
(m, 1H); 5.84-5.93 (m, 1H); 6.05-6.19 (m, 1H); 7.71-7.79 (m, 1H); 7.81-7.90 (m, 1H); 8.20-8.31 
(m, 2H). 
1H NMR (250 MHz, CD3CN) δ 1.37 (s, 9H); 2.51-2.73 (m, 2H); 4.61 (br s, 1H); 5.60 (d, 1H); 5.85-
5.93 (m, 1H); 6.04-6.22 (m, 1H); 7.72-7.80 (m, 2H); 8.12-8.35 (m. 2H). 
13C NMR (62.5 MHz, CDCl3) 27.44, 27.56* (*rotameric peaks), 36.46, 37.04*, 57.75, 58.32*, 
83.81, 83.83*, 123.49, 123.49* 127.82, 128.27*, 128.48, 128.86*, 135.41, 135.89*, 140.87, 
142.19*, 148.00, 149.32*, 158.31, 161.09*, 168.86, 168.87*. 
Anal. Calcd. For C18H19N3O7: C, 55.53%; H, 4.92%. Found: C, 55.65%; H, 4.80%. 
 
Benzyl-4-nitrobenzoyl(2-oxo-3a,4-dihydro-2H-cyclopenta[d]oxazol-
3(6aH)-yl)carbamate (2.33a). 
A dried Schlenk tube was charged, under argon protection, with NaH 60% 
(35 mg, 0.86 mmol) in anhydrous CH2Cl2 (11.0 mL). Compound 2.23 (207 
mg, 0.75 mmol) in CH2Cl2(1.0 mL) was added and the mixture stirred for 1 
h. The mixture was cooled at 0°C and then freshly crystallized p-NO2 
benzoyl chloride (280 mg, 1.5 mmol) was added and stirred a rt for 12 h. The reaction was 
followed by TLC and was quenched with H2O (2.0 mL). The solution was diluted with CH2Cl2 (10 
mL). The aqueous phase was separated and extracted further with Et2O (10 mL) and CH2Cl2 (10 
mL). Combined organic fractions were dried over MgSO4 and filtered. The product 2.33a was 
isolated (173 mg, 41%) by column chromatography eluting with hexanes/AcOEt 7:3, as a white 
solid. M.p. 144 °C (dec). 
1H NMR (250 MHz, CDCl3) (presence of rotamers) δ 2.49-2.87 (m, 2H); 4.52-4.79 (m, 1H); 5.03-
5.20 (m, 2H); 5.60-5.68 (m, 1H); 5.80-6.09 (m, 2H); 7.01-7.09 (m, 1H); 7.12-7.30 (m, 4H); 7.60-
7.79 (m, 2H); 7.97-8.13 (m, 2H) 
13C NMR (62.5 MHz, CDCl3) δ 36.45, 36.98*(*rotameric peaks), 58.08, 58.08*, 70.32, 70.32*, 
83.97, 83.97*, 123.44, 123.44*, 127.79, 127.79*, 127.97, 127.97*, 128.33, 128.59*, 128.67, 
128.67*, 128.82, 128.82*, 129.19, 129.59*, 135.54, 135.89*, 157.00, 157.17*, 161.20, 161.34* 
Anal. Calcd. For C21H17N3O7: C, 59.57%; H, 4.05%. Found: C, 59.76%; H, 4.01%. 
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Benzyl-4-bromobenzoyl(2-oxo-3a,4-dihydro-2H-cyclopenta[d]oxazol-
3(6aH)-yl)carbamate (2.32a). 
Under argon protection, a dried schlenk tube was charged, with NaH 60% 
(53.2 mg, 1.33 mmol) in anhydrous CH2Cl2 (16.0 mL) and 2.23 (320 mg, 
1.16 mmol) in CH2Cl2 (1.0 mL) was added and the mixture stirred for 1 h. 
The mixture was cooled at 0°C and then p-Br
 
benzoyl chloride (510 mg, 2.3 
mmol) was added and stirred a room temperature for 12 h. The reaction was followed by TLC and 
was quenched with H2O (2.0 mL). The solution was diluted with CH2Cl2 (10 mL). The acqueous 
phase was separated and extracted further with Et2O (10 mL) and CH2Cl2 (10 mL). Combined 
organic fractions were dried over MgSO4 and filtered. The product 2.32a was isolated as a pale 
yellow solid (49% yield) by column chromatography eluting with hexanes/AcOEt 7:3. M.p 104-
105 °C. 
1H NMR (250 MHz, CDCl3) (presence of rotamers) δ 2.48-2.53 (m, 1H); 2.55-2.79 (m, 1H); 4.52-
4.63 (m, 1H); 5.01-5.30 (m, 4H); 5.48-5.67 (m, 1H); 5.80-5.98 (m, 2H); 7.06-7.49 (m, 7H). 
13C NMR (62.5 MHz, CDCl3) 36.48, 36.88*, 57.93, 58.32*, 69.98, 70.09*, 83.78, 83.80*, 127.35, 
127.45*, 127.77, 127.98*, 128.14, 128.22*, 128.46, 128.57*, 128.61, 128.66*, 128.79, 128.90*, 
129.20, 129.46*, 129.59, 129.85*, 131.55, 131.61*, 132.37, 132.85*, 133.59, 133.60*,  157.00, 
157.17*, 161.20, 161.34* 
Anal. Calcd. For C21H17BrN2O5: C, 55.16%; H, 3.75%. Found: C, 55.21%; H, 3.65%. 
 
Copper-Catalyzed alkynylation with Grignard reagents. 
Regioisomeric ratios between compounds of type 2.34 and 2.35 were given by integration of the 
signals of the corresponding regioisomer of type 2.35. The 1H NMR (250 MHz, CDCl3) resonance 
of this product generally occurs at δ 3.35-3.45 (m, 1H) or at δ 2.47-2.64 (m, 2H). In general 
compounds of type 2.35 eluted first during flash chromatography but it was not possible to isolate 
them in a pure state. Only compound 2.35a was isolated, albeit not completely pure  
The syn-1,4- and anti-1,4-stereochemical assignments were based upon 1H NMR coupling patterns 
of the C(5) methylene protons of related cyclopentene systems, in accordance with the literature.30  
 
tert-Butyl 2-((1R*,4R*)-4-methylcyclopent-2-enyl)hydrazinecarboxylate (2.34a) 
(Table 2.8, entry 1). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. After cooling at 0 °C 
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MeMgBr 3.0 M in Et2O (0.2 mL, 0.6 mmol) was added. The mixture was allowed to stir for 1 hour 
at 0 °C (100% conversion). The product 2.34a was isolated as an oil (32 mg, 75%) by column 
chromatography eluting with hexanes/AcOEt 8:2. 
1H NMR (250 MHz, CDCl3) δ 1.13 (d, 3H J=7.0 Hz); 1.49 (s, 9H); 1.59 (ddd, 1H, J1=5.5 Hz, 
J2=7.8 Hz, J3=13.5 Hz); 1.93 (ddd, 1H, J1=3.3 Hz, J2=7.8 Hz, J3=11.1 Hz); 2.78-2.91 (m, 1H); 
4.08-4.17 (m, 1H); 5.51-5.58 (m, 1H); 5.80-5.89 (m, 1H); 6.06-6.19 (m, 1H). 
 
13C NMR (62.5 MHz, CDCl3) 21.0, 28.3, 37.4, 38.7, 66.7, 80.6, 129.3, 141.6, 156.5. 
Anal. Calcd. For C11H20N2O2: C, 62.23%; H, 9.50%. Found: C, 62.30%; H, 15.1%. 
 
tert-Butyl 2-((1R*,4R*)-4-ethylcyclopent-2-enyl)hydrazinecarboxylate (2.34b) 
(Table 2.8, entry 2). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was cooled 
at 0 °C and then EtMgBr 3.0 M in Et2O (0.2 mL, 0.6 mmol) was added. The mixture was allowed 
to react for 1 hour at 0°C (100% conversion). The product 2.34b was isolated (31 mg, 70%) by 
column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 0.86 (t, 3H,); 1.25- 1.38 (m, 2H); 1.46 (s, 9H); 1.51- 1.68 (m, 1H); 
1.80- 1.91 (m, 1H); 2.64- 2.76 (m, 1H); 3.70-3.96 (br s, 1H); 4.03-4.12 (m, 1H); 5.60-5.68 (m, 1H); 
5.84- 5.92 (m, 1H); 6.02- 6.18 (br s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 12.0, 28.3, 35.1, 46.1, 66.5, 80.4, 129.7, 139.8, 147.7, 156.7(w). 
Anal. Calcd. For C12H22N2O2: C, 63.68%; H, 9.80%. Found: C, 63.76%; H, 9.49%. 
 
tert-Butyl 2-((1R*,4R*)-4-allylcyclopent-2-enyl)hydrazinecarboxylate (2.34c) 
(Table 2, entry 3). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was 
cooled at 0°C and then allylMgBr 1.0 M in Et2O (0.6 mL, 0.6 mmol) was added. 
The mixture was allowed to react for 1 hour at 0 °C (100% conversion). The product 2.34c was 
isolated (38 mg, 80%) by column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 1.48 (s, 9H); 1.67 (ddd, 1H, J1=5.5 Hz, J2=7.8 Hz, J3=13.2 Hz); 1.88 
(ddd, 1H, J1=3.5 Hz, J2=7.8 Hz, J3=11.5 Hz); 2.01-2.11 (m, 2H); 2.82-2.92 (m, 1H); 3.82-4.01 (br 
s, 1H); 4.02-4.11 (m, 1H); 4.93-5.07 (m, 2H); 5.62-5.80 (m, 2H); 5.87-5.91 (m, 1H); 6.02-6.13 (br 
s, 1H) 
13C NMR (62.5 MHz, CDCl3) δ 28.3, 34.8, 39.9, 43.9, 66.5, 80.4, 115.8, 130.4, 136.8, 139.9, 147.6, 
156.6(w). 
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Anal. Calcd. For C13H22N2O2: C, 65.51%; H, 9.30%. Found: C, 65.65%; H, 9.25%. 
 
tert-Butyl 2-((1R*,4R*)-4-benzylcyclopent-2-enyl)hydrazinecarboxylate (2.34d) 
(Table 2.8, entry 5) 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was cooled 
at 0°C and then PhCH2MgBr ca. 1.0 M (0.6 mL, 0.6 mmol) was added. The mixture 
was allowed to react for 1 hour at 0 °C. The product 2.34d was isolated (43 mg, 75%) 
by column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 1.48 (s, 9H); 1.61-1.84 (m, 2H); 2.47-2.61 (m, 2H); 2.98-3.15 (m, 
1H); 4.01-4.11 (m, 1H); 5.60-5.69 (m, 1H); 5.79-5.83 (m, 1H); 5.94-6.09 (br s, 1H); 7.06-7.29 (m, 
5H). 
13C NMR (62.5 MHz, CDCl3) δ 28.3, 35.2, 42.1, 46.2, 66.3, 80.7, 125.9, 128.2, 128.8, 130.4, 
139.32, 153.4, 156.4(w). 
Anal. Calcd. For C17H24N2O2: C, 70.80%; H, 8.39%. Found: C, 70.56%; H, 8.42%. 
 
tert-Butyl 2-((1R*,4R*)-4-((isopropoxydimethylsilyl)methyl)cyclopent-
2-enyl)hydrazinecarboxylate (2.34e) (Table 2.8, entry 5). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap 
(7.50 mg, 0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. 
The mixture was cooled at 0 °C and then (iPrO)Me2SiMeMgBr, ca. 1.0 M 
(0.6 mL, 0.6 mmol) was added. The mixture was allowed to react for 1 hour at 0 °C. The product 
2.34e was isolated (51 mg, 75%) by column chromatography eluting with hexanes/AcOEt 8:2, as 
an oil. 
1H NMR (250 MHz, CDCl3) δ 0.13 (s, 6H); 0.58-0.69 (dd, 1H, J=8.6 Hz, J=5.1 Hz); 0.72-0.90 (dd, 
1H); 1.10-1.19 (m, 6H); 1.48 (s, 9H); 1.58 (ddd, 1H, J1=5.6 Hz, J2=7.0 Hz, J3=13.5 Hz); 1.98 (ddd, 
1H, J1=5.4 Hz, J2=8.2 Hz, J3=13.0 Hz);  2.86-2.97 (m, 1H); 3.89-4.13 (m, 3H); 5.61-5.68 (m, 1H); 
5.87-5.91 (m, 1H); 6.08-6.20 (br s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ -0.8, -0.6, 24.2, 25.8, 28.3, 29.6, 38.7, 39.4, 64.8, 66.5, 80.3, 128.6, 
142.7, 156.9(w). 
Anal. Calcd. For C17H35N2O3Si: C, 59.43%; H, 10.27%. Found: C, 60.02%; H, 9.88%. 
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tert-Butyl 2-((1R*,4S*)-4-isopropylcyclopent-2-enyl)hydrazinecarboxylate 
(2.34f) (Table 2.8, entry 6). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was 
cooled at 0 °C and then iPrMgBr 2.0 M in Et2O (0.3 mL, 0.6 mmol) was added. The 
mixture was allowed to react for 1 hour at 0°C. The product 2.34f was isolated (38 mg, 80%) by 
column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 0.81- 0.87 (m, 6H,); 1.47 (s, 9H); 1.48-1.73 (m, 3H); 2.54-2.68 (m, 
1H); 3.85-3.99 (br s, 1H); 4.03- 4.12 (m, 1H); 5.60-5.68 (d, 1H, J=5.2 Hz); 5.84- 5.92 (d, 1H, J=5.6 
Hz); 6.02- 6.18 (br s, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 20.2, 20.4, 28.1, 29.7, 32.4, 51.6, 66.6, 80.4, 130.4, 138.5, 148.5, 
156.5 (w). 
Anal. Calcd. For C13H24N2O2: C, 64.97%; H, 11.66%. Found: C, 65.09%; H, 11.60%. 
 
tert-Butyl 2-((1R*,4R*)-4-phenylcyclopent-2-enyl)hydrazinecarboxylate (2.34g) 
(Table 2.8, entry 7). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was 
cooled at 0 °C and then PhMgBr ca. 1.0 M in Et2O (0.6 mL, 0.6 mmol) was added. 
The mixture was allowed to react for 1 hour at 0 °C (100% conversion). The product 2.34g was 
isolated by column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 1.48 (s, 9H); 1.83-1.94 (m, 1H); 2.14-2.30 (m, 1H); 3.97-4.09 (m, 
2H); 4.22-4.37 (m, 1H); 5.82-5.89 (m, 1H); 5.90-6.00 (m, 1H); 6.19-6.30 (br s, 1H); 7.04-7.31 (m, 
5H). 
13C NMR (62.5 MHz, CDCl3) δ 28.4, 39.2, 50.2, 66.9, 80.5, 126.2, 127.1, 128.5, 131.6, 138.9, 
145.2, 156.7(w). 
Anal. Calcd. For C16H23N2O2: C, 70.04%; H, 8.08%. Found: C, 69.89%; H, 8.13%. 
 
tert-Butyl-2-((1R*,4R*)-4-(4-(ethoxycarbonyl)phenyl)cyclopent-2-
enyl)hydrazinecarboxylate (2.34h) (Table 2.8, entry 8). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 
mg, 0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture 
was cooled at 0 °C and then ArMgBr ca. 1.0 M (3 equiv, 0.6 mmol) was added. 
The mixture was allowed to react for 1 hour at 0 °C (100% conversion). The 
NH
BocHN
NH
BocHN
NH
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product 2.34h was isolated (59 mg, 85%) by column chromatography eluting with hexanes/AcOEt 
8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 1.31-1.40 (t, 3H); 1.48 (s, 9H); 1.87 (ddd, 1H, J1=5.0 Hz, J2=7.5 Hz, 
J3=12.5 Hz); 2.26 (ddd, 1H, J1=3.3 Hz, J2=11.5 Hz, J3=11.7 Hz); 4.02-4.10 (m, 2H); 4.30-4.39 (m, 
2H); 5.89-5.96 (m, 2H); 6.09-6.20 (br s, 1H); 7.12-7.19 (d, 2H); 7.90-7.97 (d, 2H).  
13C NMR (62.5 MHz, CDCl3) δ 14.3, 28.3, 39.1, 50.2, 60.8, 66.9, 80.8, 127.1, 128.5, 124.8, 132.3, 
138.1, 150.6, 156.8(w), 166.5. 
Anal. Calcd. For C19H26N2O4: C, 65.87%; H, 7.56%. Found: C, 65.89%; H, 7.48%. 
 
 
tert-Butyl 2-((1R*,4R*)-4-(thiophen-2-yl)cyclopent-2-enyl)hydrazinecarboxylate 
(2.34j) (Table 2.8, entry 9). 
Using the general procedure, Cu(OTf)2 (2.65 mg, 0.006 mmol), rac-binap (7.50 mg, 
0.024 mmol), hydrazine 2.1e (59.2 mg, 0.2 mmol) were used. The mixture was 
cooled at 0 °C and then 2-thiopheneMgBr 1.0 M (3 equiv, 0.6 mmol) was added. 
The mixture was allowed to react for 1 hour at 0°C (78% conversion). The product 2.34j was 
isolated (29 mg, 51%) by column chromatography eluting with hexanes/AcOEt 8:2, as an oil. 
1H NMR (250 MHz, CDCl3) δ 1.48 (s, 9H); .2.05 (ddd, 1H, J1=5.8 Hz, J2=7.3 Hz, J3=13.2 Hz); 
2.26 (ddd, 1H, J1=2.25 Hz, J2=6.5 Hz, J3=12.5 Hz);4.00-4.12 (br s, 1H), 4.22-4.40 (m, 2H); 5.82-
5.87 (m, 1H); 5.94-5.99 (m, 1H); 6.01-6.12 (br s, 1H); 6.70-6.73 (d, 1H); 6.81-6.87 (t, 1H); 7.03-
7.10 (d, 1H). 
13C NMR (62.5 MHz, CDCl3) δ 28.3, 39.5, 45.1, 66.6, 80.8, 123.1, 123.2, 126.7, 131.7, 138.2, 
149.2, 156.5 (w). 
Anal. Calcd. For C14H20N2O2S: C, 59.97%; H, 7.19%. Found: C, 60.08%; H, 7.14%. 
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Nickel-Catalyzed Borylative Ring Opening of Vinyl Epoxides and Aziridines 
 
3.1 Introduction 
 
3.1.1 Bis(pinacolato)diboron 
 
 
 Bis(pinacolato)diboron (B2pin2), 3.1 is a commercially-available starting material useful 
for making pinacol boronic esters which are valuable compounds for organic synthesis. In literature 
two examples are present for the preparation of 3.1. The classical procedure starts from boron 
tribromide with dimethylamine to give tris(dimethylamino)borane.1 The subsequent reaction with 
boron tribromide and the treatment with sodium in toluene afforded 
tetrakis(dimethylamino)diboron that is the real precursor of 3.1. The reaction of 
tetrakis(dimethylamino)diboron with pinacol in a ethereal solution of hydrogen chloride gave the 
B2pin2 in a 30% yield (Scheme 3.1) 
 
 
 
 
 
 
 
Scheme 3.1 Synthesis B2pin2 3.1 by Miyaura 
 
A more recently procedure was realized by Hartwig. In this case, they discovered a convenient 
method to prepare bis(catecholato)diborane compounds by a reaction of 1% sodium/mercury 
amalgam with the corresponding halocatecholboranes, which are cleanly formed by the reaction of 
BCl3 or BBr3 with cathecol (Scheme 3.2  
 
 
 
Scheme 3.2 General synthesis of bis(catecholato)diborane compounds 
 
Combining these two steps in one pot method, the B2pin2 adduct was formed in a multigram scale 
by addition of pinacol to the bis(catecholato)diborane compound. 
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 One of the first use of B2pin2, was performed by Miyaura and Suzuki in 1993 with the 
aim of formation of new C-B bond.3 The authors revelead that the reaction of 3.1 with alkynes was 
efficiently catalyzed by the platinum(0) complex and in this way it was possible to obtain a syn-
selective addition of tetraalkoxydiboron 3.1. 
 
 
 
 
  
Scheme 3.3 Diboration of alkynes 
 
Since the pinacol ester derivative 3.1 is thermally stable and can be easily handled in air, the 
reaction allows the synthesis of a wide range of stereodefined bis(boryl)alkenes and their additional 
synthetic applications. After this first example, many works are present in the literature concerning 
the addition of 3.1
 
to alkenes, 1,3-dienes, allenes and ketones.4 
 In a recent paper, Morken and co-workers considered the transition metal catalyzed 
diboration of terminal alkenes.5 1,2-Diboration of a terminal olefin provided a reactive intermediate 
with both primary and secondary boronate groups, and the different environment of these elements 
cause them to exhibit differential reactivity in a subsequent transformation. It was observed that 
enantioselective diboration could be accomplished with B2pin2 in presence of Rh(I) and the chiral 
ligand Quinap, but this process gave a low enantioselectivity for most of 1-alkene substrates. The 
asymmetric diboration of 1-alkene substrates under the influence of platinum complexes was 
examined. Initial experiments with 1-octene showed that this process could be enantioselective and 
that Taddol-derived phosphonite and phosphoramidite ligands  provided elevated levels of 
enantioselection. After a large screening of reaction conditions, Pt-calayzed diboration of many 1-
alkene substrates occurred in highly enantioselective fashion (up to 94% ee). Generally only 1.05 
equiv of  B2pin2 was required and the corresponding product was isolated in a good yield (up to 
93%). The reaction was insensitive to the nature of the alkyl substituent, large and small alkyl 
groups were equally tolerated. Also substrate bearing a protected oxygen functionality gave clean 
diboration and excellent levels of enantioselectivity. Best results were obtained by using the 
TADDOL ligand shown in Scheme 3.4. 
 
 
 
 
 
Scheme 3.4 Catalytic enantioselective diboration of 1-alkenes 
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3.1.2 Conjugate addition with bis(pinacol)borane 
 
 At the beginning we focused our attention on two similar procedures developed 
independently by Miyaura and Hosomi on 2000. They achieved the attack of B2pin2 to α,β-
unsatured ketones, esters and nitrile systems using Cu(I) as the metal catalyst. Miyaura carried out 
the reaction in the presence of stoichiometric amounts of copper(I) in combination with LiCl and a 
base (best results were obtained by using potassium acetate, Scheme 3.5).6 
 
 
 
 
 
Scheme 3.5 Addition B2pin2 to α,β-unsatured systems under Miyaura condition 
 
On the other hand, Hosomi described an unprecedented reaction of a diboron with α,β-enone by 
means of a Cu(I) catalyst.7 A large screening of copper(I) salts carried out by using chalcone as 
substrate, did not give any good results. On the contrary the use of a catalytic system formed by 
Cu(OTf) and tributylphosphine gave the clean boration product 3.2 in good yield after hydrolysis 
(Scheme 3.6). It was noteworthy that the temperature necessary under Cu(I) catalysis was lower 
than that necessary for the Pt-catalyzed reaction.8 The addition of the phosphine was essential for 
the reaction to occur and a less donative phosphine (for example Ph3P) resulted in moderate yields. 
Best results were obtained with Cu(OTf) but also the more easily accessible CuCl was effective in 
the presence of tributylphosphine, although a slighty longer reaction time was necessary (Scheme 
3.6). 
 
 
 
 
 
Scheme 3.6 Cu(I)-catalyzed reaction of 3.1 to α,β-enone 
 
The authors studied the coordination of the phosphine to Cu(I), because it was the most important 
factor for the reaction. If the dominant role of the phosphine was the activation of the diboron by 
coordination to the boron atom, the use of an excess of the phosphine should have enhanced the 
reaction, but an opposite result was obtained. The 31P NMR analysis revealed that the degree of the 
coordination of tributylphosphine to Cu(I) was greater than that between tributylphosphine and the 
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B2pin2 1. The authors assumed that the complexation between a ligand and Cu(I) salt reduced the 
aggregation of the Cu(I) salt in a solvent and this de-aggregation should enhance the catalytic 
activity. 
 In 2006 Yun and co-workers realized a procedure similar to Hosomi conditions; they 
developed an efficient addition of 3.1 to α,β-unsaturated carbonyl compounds in a copper-
diphosphine catalyst system and found a dramatic rate acceleration of the reaction by adding 
alcohols additives.9 Initially, the authors considered (E)-ethyl crotonate, as Michael acceptor, by 
using a catalytic amounts of copper salts and ligand (in particular DPEphos) in the presence of 1.1 
equivalent of bis(pinacolato)diboron 3.1 in THF at room temperature in the presence of a base. All 
the reactions examined proceeded to a partial conversion with long reaction times. Only the 
addition of alcohol (MeOH) as an additive, gave a clean borylative product with complete 
conversion and methanol was a better additive than the sterically hindered t-BuOH (Scheme 3.7). 
 
 
 
 
 
 
Scheme 3.7 Catalytic addition of B2pin2 to (E)-ethyl crotonate 
 
By means of an optimal reaction protocol using DPEphos ligand and MeOH as additives, the 
authors examined the catalytic β-boration of various α,β-unsaturated carbonyl compounds, such as 
ethyl acrilate, ethyl crotonate, cinnamate derivatives with electron withdrawing (EWG) and 
electron donating groups (EDG) in excellent yield (up to 95%). Also α,β-unsaturated ketones and 
cinnamonitrile gave the corresponding addition product in good yields. 
A possible catalytic cycle for the alcohol accelerated β-boration is shown in Scheme 3.8. The 
diphosphine ligated copper-boryl complex is the key intermediate and it is responsible of the 
conjugate addition to α,β-unsaturated carbonyl compounds. The resulting organocopper species 
reacts with MeOH to yield the protonated addition product and a copper alkoxide. 
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Scheme 3.8 Proposed mechanism of catalytic addition of B2pin2 to crotonate 
 
The same authors, two years later, developed the first asymmetric β-boration of acyclic α,β-
unsaturated carbonyl compounds that provided ready access to functionalized chiral organoboron 
compounds under mild reaction condition.10 
All the reactions on α,β-unsaturated esters and nitrile proceeded smoothly in reasonable reaction 
times (7-24 h) to provide the corresponding addition products in excellent yields (up to 97% for 
3.3) and with high levels of enantioselectivity (up to 92% ee for 3.4). All of the products could be 
isolated by silica gel chromatography and subsequently further transformed by oxidation to the 
corresponding hydroxyl compounds 3.4 for the determination of the enantiomeric eccess (Scheme 
3.9). 
 
 
 
 
Scheme 3.9 Asymmetric β-boration acyclic α,β-unsaturated carbonyl compounds 
 
Best results were obtained using (R)-(S)-josiphos or (R)-(S)-NMe2-PPh2-mandyphos (Figure 3.1). 
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Figure 3.1 Ligands used in the asymmetric β-boration acyclic α,β-unsaturated carbonyl 
compounds 
 
 Hosomi e Miyaura had independently reported the 1,4-addition of nucleophilic boryl 
copper species, generated in situ from diborates, to simple α,β-unsaturated carbonyl compounds; 
Ramachandran and co-workers provided the synthesis of novel functionalized achiral and chiral 
allylboronates via nucleophilic addition of boronates to allyl acetates 3.5 derived via 
vinylalumination and Baylis-Hillman reaction with aldehydes.11 This reaction took place smoothly 
in a SN2’ fashion with allylic rearrangement and the elimination of the acetate group provided type 
3.6 compounds. In the Scheme 3.10 some examples of trisubstituted allylboronates obtained via 
Hosomi-Miyaura borylation are reported. 
 
 
 
 
 
 
 
 
 
 
Scheme 3.10 Trisubstituted allylboronates obtained via Hosomi-Miyaura borylation of allyl 
acetate 3.5 
 
 All considering, it is noteworthy that C-B bond formation has remained exclusively in the 
domain of metal-based catalysis. Actually, many examples of Pt-, Rh-, Ni- and Cu-catalyzed 
conjugate additions of diboron with unsaturated esters are in the moment present in the literature. 
On 2009, Hoveyda developed a metal-free catalytic process for new C-B bond formation using a 
readily available N-heterocyclic carbene (NHC), as the catalytic system (Figure 3.2).12 
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Figure 3.2 NHC carbenes used by Hoveida 
 
This study was based on the principle that a nucleophilic NHC might associate with the Lewis 
acidic boron atoms of commercially available 3.1 (Scheme 3.11). 
 
 
 
 
 
 
 
 
 
Scheme 3.11 Proposed model for Bis(pinacolato)diboron activation and addition to enone 3.7 
 
The resulting electronic reorganization could lead to activation of the B-B bond, promoting the 
reaction with an appropriate electrophilic site. The partial atomic charges indicate that 
complexation of a NHC with 3.1 results in a polarization of B-B bond and diminished electrophilic 
character of the two B atoms; the non-associated boron bears a lower positive charge than the one 
with which the NHC interacts. Carbene association leaded to weakening of the B-B bond, as 
evidenced by the increase of the bond length. The coordination of carbene nucleophiles was 
examined by 11B NMR spectroscopy: in this way, it was possible to observe the complete 
disappearance of the signal of 3.1 after 5 min and a significant upfield shift was observed for the 
boron atom signals (from δ 30.1 of B2pin2, to 4.5 and 6.3 for sp3- and sp2- hybridized B centers, 
respectively).  By this procedure it was possible to obtain the conjugate addition of B2pin2 to cyclic 
α,β-unsaturated ketones and efficient formation of β-substituted quaternary carbon centers (Scheme 
3.12).12 
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Scheme 3.12 Conjugate addition of B2pin2 NHC catalyzed to conjugate esters 
 
 
3.1.3 Allylic substitution with bis(pinacol)borane 
 
 The allylic substitution represents another possible reaction of bis(pinacol)borane. Szabò 
and co-workers developed the application of palladium-pincer complex catalysts that offered a mild 
and efficient method for the synthesis of functionalized organometallic compounds (Figure 3.3).13  
 
 
 
 
 
Figure 3.3 Palladium-pincer complex catalysts 
 
The authors found that pincer complex L1 readily catalyzed boronate transfer reaction from 
tetrahydroxydiboron to vinylcyclopropane 3.8, vinyl aziridine 3.9 and allyl acetates 3.10 (Scheme 
3.13). These reactions afforded allylboronic acids 3.11, which were subsequently reacted with 
aqueous KFH2 to obtain the corresponding potassium trifluoro(allyl)borate derivatives in high 
yields. 
 
 
 
 
Scheme 3.13 Allylic substitution of 3.8, 3.9 and 3.10 with pincer catalyst 
 
The authors had also attempted the same substitution reaction by using Pd2(dba)3 and Pd(PPh3)4 as 
catalysts in place of L1. However, these new conditions resulted in complex reaction mixtures 
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containing several unsaturated products. The higher selectivity observed in the reaction with 
palladium-pincer catalysts could be explained by the finding that electron-rich pincer complexes 
are reclutant to undergo transmetallatation with allyl metal species. So the pincer catalysts have at 
least three advantageous features compared to the classic palladium(0) catalysts: (i) the pincer 
catalyzed reactions proceeded without formation of potentially instable η3 complex; (ii) the electron 
rich L1 and L2 complex do not react with the allylboronate products; (iii) the pincer complex 
catalyst is not reduced to palladium(0). 
Szabò and co-workers had also developed a versatile one-pot reaction for the selective allylation of 
aldehydes with allyl alcohols, which can be carried out under mild conditions without the use of an 
inert atmosphere.14 They found that allyl alcohols 3.12 reacted readily with aldehydes 3.13 in the 
presence of diboric acid, catalytic amounts of easily accessible pincer complex catalyst L1 and p-
toluenesulfonic acid and compound 3.14 was obtained (Scheme 3.14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.14 Allylation of aldehydes with pincer catalyst 
 
The regioselectivity of the reaction was excellent as both linear and branched  allylic alcohols can 
be used. In the described process, homoallylic alcohol products of type 3.14 were obtained as single 
diasteroisomers; for acyclic allyl alcohols they obtained the anti products. This reaction proceeded 
readily with high diastereoselectivity even for cyclic allyl alcohols, but in this case the double bond 
in the cyclic allyl boronic acid intermediate had a cis geometry and thus the new C-C bond formed 
with a syn diastereoselectivity. The excellent stereoselectivity was the consequence of the highly 
stereoselective formation of the allylboronic acid intermediate and the subsequent selective 
coupling with the aldehyde. From a mechanistic point of view, the coupling reaction of allyl 
alcohols and aldehydes was initiated by the activation of the hydroxyl functionality of allylic 
alcohols with diboronic acid and then the boronate group was transferred to catalyst affording a η1-
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boronato complex.15 Subsequently, the boronate group substituted the activated hydroxy group to 
give allyl boronic acid and boric acid. In the absence of aldehydes or other electrophiles, these allyl 
boronic acid derivatives can be also isolated. The next step of the process was the allylation of 
aldehyde, which proceed with excellent stereo- and regioselectivity; this was explained by the fact 
that the carbonyl oxygen of the aldehyde and the boron atom of the allyl boronate come to a very 
close proximity (Scheme 3.15)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.15 Plausible mechanism for the allylation of aldehydes with allyl alcohols 
 
 Allylic substitution reactions with organoboron reagents could be carried out also in 
copper-catalyzed condition, and the combination of metal catalyst with chiral ligands gave 
asymmetric fashion in these reactions. Sawamura, Ito and co-workers realized two important 
examples of copper(I)-catalyzed asymmetric borylative substitution: the first example concerns the 
synthesis of allylboronates from allylic carbonates and more recently the desymmetrization of meso 
compounds.16 The second example turned out to be more interesting for us, because represents an 
interesting example of copper(I)-catalyzed asymmetric borylative substitution and subsequent 
stereoselective allylation of aldehydes. In this one-pot reaction, the core part of the meso substrate 
was connected to an electrophilic aldehyde in a highly diastero- and enantioselective manner (d.r > 
99:1 to 92:8, up to 97% ee), forming the product with three new stereodefinited chiral centers. The 
reaction of the carbonate derivative of meso-diol 3.15 with 3.1 was completed within 4 h in the 
presence of Cu(O-tBu) and a chiral ligand: best results were obtained by using (R,R)-QuinoxP* or 
(R)-Segphos (Scheme 3.16). 
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Scheme 3.16 Copper(I)-catalyzed asymmetric reaction of allylic carbonate 3.15 
 
The isolation of the allylboronate intermediate 3.16 was not successful, but the stereochemical 
outcome evident in 3.17 strongly suggests the formation of the allylboronate 3.16 with high 
enantio- and diasteroselectivity. 
An important aspect of this desymmetrization reaction was the possibility to realize a concise 
synthesis of a precursor of the reverse transcriptase inhibitors used to treat HIV, Abacavir and 
Carbovir (Scheme 3.17). The desymmetrization reaction was carried out by using the (S,S)-
quinoxP*/Cu(OtBu) catalyst in THF, and then the 4’-hydroxymethyl group was introduced by the 
reaction of the allylboronate intermediate 3.18 with aqueous formaldehyde in the presence of a 
Lewis acid catalyst [Sc(OTf)3]. The resultant mixture was purified after silyl protection to afford 
the adduct 3.19 in 64% yield and 96% ee. Hydrolysis of the carbonate moiety of 3.19 gave 3.20, 
which was subjected to a Tsunoda-Mitsunobu condensation with 2-amino-6-chloropurine to gave 
the drug precursor (-)-3.21 in 17% overall yield of.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.17 Concise synthesis of a precursor to established antiviral drugs. 
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3.1.4 Nickel-catalyzed reactions 
 
 
 Compared to palladium and rhodium, nickel catalysts were far less frequently used for 
reactions with organoborons such as cross-coupling reactions or 1,2- or 1,4-additions.17 It was 
worth noting that all the reactions utilized aryl- or alkenylboron reagents and that few reports of 
alkylation reactions with alkylboron reagents had appeared. In the last years, Oshima and co-
worker, achieved many works by using nickel-catalyzed reaction conditions in combination with 
organoboron reagents. 
Alkylation of aldehydes with organometallic reagents is a basic and thus important reaction in 
organic chemistry. Conventional alkylboron reagents did not react with aldehydes, due their modest 
nucleophilicity; Oshima envisioned that a nickel catalyst could facilitate alkylation with alkylboron 
reagents (Scheme 3.18). 
 
 
 
 
Scheme 3.18 Nickel-catalyzed alkylation with trialkylborane 
 
Concerning the reaction mechanism, it is admitted that a nickel(0) species initially react with 
aldehyde 3.22 to generate a η2-coordinated complex and its resonance form (3.23a,b). Subsequent 
transmetallation with trialkylborane afforded the intermediate 3.24 that is reducted by P(t-Bu)3 to 
provide the corresponding alcohols 3.25 and the initial nickel complex (Scheme 3.19).17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.19 Plausible mechanism for alkylation of aldehydes 
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No primary alcohols was detected, which could be formed by β-hydride elimination. The exact role 
of the base was not clear; probably, it facilitates the transmetallation step. 
The same authors developed a similar procedure concerning a nickel-catalyzed 1,4-addition of 
trialkylboranes to α,β-unsaturated esters. The addition of Cs2CO3 was essential to attain satisfactory 
yield (Scheme 3.20). 
 
 
 
 
 
Scheme 3.20 Nickel-catalyzed 1,4-addition of triethylborane 
 
 Considering the similarity in the Lewis acidic character between trialkylboranes (R-BR2) 
and bis(pinacolato)diboron, Oshima and co-workers envisioned that the nickel-catalyzed conditions 
could be used for 1,4-addition of B2pin2 to α,β-unsaturated esters.18  
 
Table 3.1 Nickel-catalyzed β-boration of α,β-unsaturated esters or amides by B2pin2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aIsolated yield after chromatographic purification 
entry substrate time (h) yield (%)a 
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Initial attempts of β-boration were performed on crotonate ester with bis(pinacolato)diboron and 
showed how for this reaction it was necessary a base such as Cs2CO3 in a toluene/methanol system 
in which methanol acts as a good proton source to boryl enolate formed in the catalytic cycle. 
Subsequently, the β-boration was conducted with a range of substrates such as α,β-unsaturated 
esters and amides, as shown in Table 3.1. 
Concerning the mechanism of the reaction, the authors assumed that a nickel(0) species initially 
reacts with the α,β-unsaturated substrate to generate η2-coordinated complex 3.28. The coordination 
of the carbonyl moiety to 3.1 gave the intermediate 3.29. The Lewis acidity of the boron promoted 
the formation of η3-coordinated nickel complex 3.30,followed by transmetallation of the boryl 
group to furnish the boryl-nickel species 3.31. Finally, reductive elimination from 3.31 afforded 
3.32 along with the starting nickel complex to complete the catalytic cycle. As said above, 
methanol was necessary to provide the protonolysis of boryl enolate 3.32 to afford addition product 
3.27 but whereas the exact role of the base was unclear, probably it could enhance the 
transmetallation step through its coordination to the boron center (Scheme 3.21). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.21 Proposed mechanism of Ni-catalyzed β-boration of α,β-unsaturated compounds 
 
 Oshima and co-workers expanded the nickel-catalyzed borylative ring opening reaction to 
vinylcyclopropanes with bis(pinacolato)diboron.19 The treatment of bis(ethoxycarbonyl)-
substituted vinylcyclopropane 3.8 by means of 3.1 in the presence of potassium phosphate 
trihydrate and catalytic amounts of Ni(cod)2 and tricyclopentylphosphine in a toluene/methanol 
mixture afforded allylic boronate 3.33 with high yields and with high E selectivity. Also in this case 
the reaction required a base for the activation of the boron species (Table 3.2). 
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Table 3.2 Nickel-catalyzed ring-opening of vinylcyclopropane 3.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                          
                                                                         aIsolated yield after chromatographic purification 
                                             
bE/Z ratio by 1H NMR analysis 
  
As the size of electron-withdrawing groups on the cyclopropane ring become larger, the reactions 
required higher catalyst loadings to obtain high isolated yields and the E/Z ratios were slightly 
improved. It was observed how vinylcyclopropanes having only one tert-butoxycarbonyl group at 
the cis-position underwent efficient borylative ring opening, but, in contrast, the trans isomer led 
the formation of the ring opening product in a low yield. On the base of these results the authors 
assumed the reaction mechanism shown in Scheme 3.22. 
Cyclopropane 3.8 is activated by Lewis acidic 3.1, and the activated species undergoes oxidative 
addition to a Ni(0) complex to afford π-allyl(oxa-π-allyl)nickel 3.34. Then transmetallation occurs 
to yield π-allylnickel 3.35 bearing a boron enolate moiety. Reductive elimination and subsequent 
protonation provided product 3.33. 
 
 
 
 
 
 
 
 
 
 
Scheme 3.22 Plausible reaction mechanism of Nickel-catalyzed ring-opening of 3.8 
E1 E2    x yield (%)a E/Zb 
CO2Et CO2Et    5      84 94:6 
CO2Me CO2Me    2      73 91:9 
CO2tBu CO2tBu   7.5      66 95:5 
CO2tBu H    5      85 91:9 
H CO2tBu   10      44 85:15 
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 Finally, Oshima examined the reaction of allylic boronate 3.33 with benzaldehyde. 
Isolated 3.33 reacted with benzaldehyde smoothly in the presence of 10 mol% Cu(OTf)2 in toluene 
to afford the corresponding homoallylic alcohol 3.36 in 91% yield and high anti-stereoselectivity. 
Notably, one-pot sequential borylative ring-opening/allylation reactions also provided 3.36 in high 
yield with similar diasteroselectivity (Scheme 3.23). 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.23 Copper-catalyzed reaction of 3.33 with benzaldehyde: one-pot protocol 
Chapter 3  
 
107 
N
Ts N
Ts
O
O
3.37a 3.37b 3.38a 3.38b
Ph
N
Ts
O O
3.39 3.40a 3.40b
3.2 Results and discussion 
 
3.2.1 Copper-catalyzed borylative ring opening of vinyl aziridines and epoxides 
 
 Functionalized allyl boronates are very useful reagents in stereoselective organic 
synthesis, and their preparation by transition-metal-catalyzed formation of carbon-carbon bonds is a 
very active field of research. Avalaibility of functionalized allyl boron derivatives remains quite 
limited, especially with regard to cyclic systems. Furthemore, there was a remarkable lack in the 
literature concerning the ring opening of small-ring heterocycles by means of a carbon-boron bond 
formation, with the notable exception of the palladium pincer complex-catalyzed addition of 
tetrahydroxydiboron to aliphatic aryl and vinyl aziridines (see Introduction).  
Our attention was turned on cyclic vinyl aziridines and epoxides such as 3.37a,b and 3.38a,b; 
moreover we investigated the reactivity of aliphatic vinyl aziridine 3.39 and vinyl epoxides such as 
3.40a,b (Figure 3.4). 
 
 
 
 
 
 
 
 
Figure 3.4 Vinyl aziridines and epoxides used 
 
At the outset of this study, we attempted the borylation of cyclic vinyl aziridine 3.37a, screening 
simple combinations of transition metal catalysts and ligands which are known to be effective for 
the borylation of α,β-unsaturated substrates with bis(pinacolate)diboron (3.1). 
At the first, we tested the three different copper-catalyzed protocols developed by Miyaura (CuCl, 
KOAc, DMF, rt), Hosomi [Cu(OTf), Bu3P, toluene, rt] and Yun (CuCl, t-BuONa, THF, MeOH, 
Josiphos, rt). 
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Table 3.3 Copper-catalyzed ring-opening reaction 
 
 
 
 
 
                               
 
aIsolated yields of pure product after chromatographic purification 
 
As shown in Table 3.3, we obtained the ring opening products under Yun’s conditions but in a low 
isolated yield. The reaction was successful and it was possible to observe the formation of a trans-
1,4-disubstituted cyclopentene 3.41a with complete regioselectivity and high stereoselective 
fashion with 23% isolated yield after chromatographic purification (entry 1, Table 3.3). The 1,4-
trans relationship of the substituents was deduced by observation (1H NMR analysis) of the small 
chemical shift difference between the two ring methylene protons and by their characteristic 
coupling patterns: in fact, we observed two multiplet signals at δ 2.15-2.29 and δ 1.67-1.75, with a 
different of 0.50 ppm in agreement with those reported in the literature for similar compounds.20 
Then we tested the Miyaura condition which included the presence of a stoichiometric amount of 
copper salt, but no reaction was observed under these conditions (entry 2). We have also 
implemented some changes in the Miyaura protocol with the inclusion of an alcohol component 
and a phosphine-based ligand, but complex mixtures were obtained (entry 3). On the other hand, 
the application of the Hosomi’s condition afforded the borylative ring opening product 3.41a, a 
result similar to that obtained under Yun’s condition (entry 4). 
We also considered the use of others metal sources such as Pd(0) and Rh(I) catalysts but in each 
case a complex mixture of products was obtained. 
 
 
 
 
 
  entry conditions solvent yield (%)a 
   
     1 
CuCl (10 mol%) 
LiOtBu (10 mol%) 
rac-Binap (10 mol%) 
 
THF/MeOH 
 
    23 
     2 CuCl (110 mol%) 
tBuOLi (10 mol%) 
DMF      - 
     
     3 
CuCl (110 mol%) 
tBuOLi (10 mol%) 
rac-Binap (10 mol%) 
 
THF/MeOH 
 
     - 
     4 Cu(OTf) (10 mol%) 
Bu3P (11 mol%) 
toluene     19 
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3.2.2 Nickel-catalyzed reactions 
 
 To our delight, the use of 5 mol% of [Ni(cod)2] (cod = 1,5-cyclooctadiene) in 
combination with racemic Binap (7.5 mol%) in a 30:1 mixture of toluene and methanol in the 
presence of anhydrous K3PO4 was successful with vinyl aziridine 3.37a and vinyl epoxide 3.38a.21 
 
 
 
 
 
 
 
Scheme 3.24 Preliminary results of Ni-catalyzed ring opening reactions of vinyl aziridine and 
epoxide 
 
The ring opening of epoxide 3.38a occurred rapidly at room temperature, and 1,4-trans-
cyclopentenyl boronate 3.42a was cleanly obtained, as determined by 1H NMR and 2D COSY 
NMR examination of the crude mixture (Scheme 3.24). Boronate 3.42a turned out to be not stable 
under chromatographic purification on silica gel. On the other hand, the nickel-catalyzed ring 
opening borylation of vinyl aziridine 3.37a showed some interesting features different from those 
observed in the corresponding previously described copper-catalyzed reaction. In particular, the 
allyl boronate 3.41a was isolated in a good yield after chromatographic purification. Moreover, the 
reaction was carried out at room temperature in only 45 minutes.  
It should be noted that the corresponding reaction carried out without MeOH did not proceed at all. 
However, with increased amounts of this solvent, also products 3.43a and 3.44a deriving from the 
methanolysis of 3.37a and 3.38a, respectively, were obtained. 
 
 
 
 
 
 
 
 
Scheme 3.25 Formation of the methanolysis compounds in the nickel-catalyzed ring opening 
reaction 
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Compounds 3.43a and 3.44a are formed by direct attack of methanol to the heterocyclic system 
3.37a and 3.38a in accordance with SN2 addition pathway. Actually, the methanolysis side reaction 
had been previously observed with the homologue vinyl aziridine and epoxide 3.37b and 3.38b, 
respectively. In fact, 3.37b and 3.38b were less prone to react under nickel-catalyzed reaction 
condition, and two products were obtained in a 90:10 ratio in each case (3.41b and 3.43b from 
aziridine 3.37b and 3.42b and 3.44b from epoxide 3.38b). Compounds 3.41b and 3.42b derive 
from the borylative ring-opening reaction, whereas 3.43b and 3.44b derive from methanolysis 
process. 
 
 
 
 
 
 
 
 
 
Scheme 3.26 Nickel-catalyzed ring-opening reaction on 3.37b and 3.38b 
 
The 1,4-trans-cyclohexenyl boronate 3.41b in 58% yield after chromatographic purification; on the 
contrary, the boronate 3.42b was not stable on silica gel. 
 In order to reduce the amount of undesired methanolysis process, we evaluated the use of 
other cosolvent less nucleophilic than methanol. We tried t-BuOH, H2O as cosolvent and also H2O 
as the solvent because it could favor the hydrolysis of bis(pinacolato)diboron to the more reactive 
diboron acid, but in all cases the results were worse than the original toluene/methanol 30:1 
combination. 
A plausible mechanism for this reaction is shown in Scheme 3.27. The nickel species gives an 
oxidative addition to the unsaturated heterocycle system thus permits the ring-opening process. At 
the same time the bis(pinacolato)diboron was activated by the base by quaternarization and gave 
the transmetallation step. The subsequent reductive elimination permits the formation of the new C-
B bond, and after protonolysis by methanol, the ring opening product is obtained. 
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Scheme 3.27 Proposed reaction mechanism for nickel-catalyzed reaction  
 
 The impossibility to isolate the ring opening products deriving from the reaction on vinyl 
epoxides, gave us the possibility to explore same manipulations of the allylic boron intermediate 
3.41 and 3.42. The finding of effective reaction conditions to obtain a fast and clean anti-SN2’ 
addition of the boron group in particular to substrate 3.37a and 3.38a prompted us to explore 
simple sequential reactions of the in situ formed functionalized allylic boronate. For example, allyl 
boronate 3.41a and 3.42a can be directly treated with benzaldehyde without any external Lewis 
acid additives, to give a clean allylation reaction. It is remarkable that 1,3-diol 3.46 and 1,3-amino 
alcohol 3.45, containing three stereogenic centers, were obtained as single trans-threo 
diasteroisomers after a simple chromatographic purification. Moreover the allylation product 3.45 
and 3.46 were obtained in a one-pot method after 16 h in a good isolated yields (80% for 3.45 and 
85% for 3.46, respectively) (Scheme 3.28). 
 
 
 
 
 
 
 
 
 
 
Scheme 3.28 Sequential nickel-catalyzed borylation-allylation with benzaldehyde 
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The high stereoselectivity obtained for both products 3.45 and 3.46 (>15:1 d.r. in the crude 
mixture) was a result of the highly anti-stereoselective formation of the intermediate cyclic-allylic 
boronate and of subsequent selective carbonyl allylation that follows the common Zimmerman-
Traxler model. The transition state for the formation of 3.45 is shown in Scheme 3.29. 
 
 
 
 
 
 
Scheme 3.29 Zimmerman-Traxler model 
 
A cyclic transition state is obtained by a coordination between the oxygen of the carbonyl group 
and the boron atom. When we decided to carry out the allylation reaction in the presence of an 
external Lewis acid, such as Sc(OTf)3 (20 mol%), we observed a loss of the stereoselectivity of the 
reaction and the formation of two allylation, 3.45 and 3.45a products, in a 1.2:1 ratio (Scheme 
3.30). 
 
 
 
 
 
Scheme 3.30 Loss of stereoselectivity in the reaction carried out with an external Lewis acid 
  
With these results in our hands, representative vinyl epoxide and aziridine/aldehyde combinations 
were examined to explore the scope of the sequential borylation-allylation. At first, we examined 
this reaction by using benzaldehyde and the corresponding results are shown in Table 3.4. 
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Table 3.4 Sequential borylation-allylation with benzaldehyde of vinyl aziridines and epoxides 
 
entry substrate product d.ra yield (%)b 
 
   1 
 3.37b 
 3.47 
 
15:1 
 
72 
   
   2 
 3.38b 
 3.48 
 
15:1 
 
65 
    
   3 
 3.39 
 
 3.49 
 
4:1 
 
62 
   
   4  3.40a 
 3.50 
 
2.6:1 
 
55 
   
   5 
 3.40b 
 3.51 
 
1.6:1 
 
57 
                   
a d.r. calculated by analysis of 1H NMR crude spectra bIsolated yields of pure  
                     product after chromatographic purification 
 
For aliphatic phenyl-vinyl aziridine 3.39, an increased amounts of MeOH (13 eq) was necessary to 
effect the borylation; the subsequent addition of benzaldehyde afforded a mixture of 
diasteroisomeric aliphatic homoallylic 1,3-amino alcohols 3.49a. For the sequential borylative-
allylation of butadiene and isoprene monoepoxides 3.40a,b with benzaldehyde, the known 
homoallylic 1,3-diols 3.50 and 3.51, respectively, were obtained as unseparable mixture of 
corresponding diasteroisomers and with a low stereoselectivity.22 When carried out with aliphatic 
aldehydes, the sequential borylation-allylation reaction turned out to be less effective (Table 3.5). 
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Table 3.5 Sequential Borylation-Allylation with aldehydes 
 
entry substrate RCHO d.r product yield (%) 
   1 
 3.37a 
R= CH3 15:1 
 3.52 
 
38 
   2 
 3.38a 
R= CH3   - complex mixture - 
   3 
 3.37a 
R= CH3(CH2)2    - complex mixture - 
   4 
 3.37a 
R=  
   - 
complex mixture 
- 
   5 
 3.37a 
R= m-ClC6H4 15:1 NHTsHO
Ar
1
 3.53 
84 
   6 
 3.37b 
R= p-FC6H4 15: 1 
 3.54 
75 
   7 
 3.37b 
R= p-NO2C6H4 15:1 
 3.55 
72 
   8 
 3.37a 
R= o-OMe C6H4 15:1 NHTsHO
Ar
4
 3.56 
95 
     
a d.r. calculated by analysis of 1H NMR crude spectra bIsolated yields of pure product after  
       chromatographic purification 
 
Only with acetaldehyde, it was possible to isolate the corresponding product 3.52 (entry 1, Table 
3.5), whereas n-butanal and 2-methylpropionaldehyde afforded a complex reaction mixtures of 
product (entries 2-4). On the other hand, excellent yields and selectivities were obtained by the use 
of electron-poor aryl aldehydes (entries 5 and 6) as well with an electron-rich aldehyde (entry 8, 
Table 3.5). 
 In order to obtain enantioenriched homoallylic amino alcohols, we investigated the 
kinetic resolution of vinyl aziridine 3.37a This aziridine was choosen because found to be more 
prone to react in this condition and less susceptible to give the undesired methanolysis side reaction 
which, due to the presence of MeOH, constitutes a limitation of this process. The first attempt was 
done by carrying out the reaction at -78°C. Unfortunately, in this condition, the slowing of the 
borylative ring opening reaction made the methanolysis process predominating and the analysis of 
the results more difficult. However, inspite of this partially negative results, we were able to carry 
out a screening of chiral ligands. The best results was obtained with (R)-Binap which afforded the 
unreacted aziridine 3.37a with 64% ee at 62% conversion. 
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3.2.3 Sequential borylation-allylation of vinyl aziridines and epoxides with imines  
 
  
 With the aim to develop the synthesis of 1,3-diamine, we carried out the above described 
sequential reaction in the presence of an imine instead of aldehyde. At the beginning we tested the 
behaviour of preformed imines derived from benzaldehyde having different N-protecting groups. 
The imines used in the preliminary screening are shown in Figure 3.5. 
 
 
 
 
 
 
 
Figure 3.5 Preformed imines with different N-protecting group 
 
The reaction was carried out in the standard condition, but unfortunately we did not obtain the 
desired 1,3-diamine product; in fact, NMR analysis of the crude reaction product showed only the 
formation of the corresponding allylation product 3.45 deriving from the aldehyde after the 
hydrolysis of the imine. The same result was obtained also by changing the protecting group of the 
imine nitrogen atom, and also when the allylation reaction was carried out in the presence of a 
Lewis acid, such as Cu(OTf)2 or Sc(OTf)3 (10 mol%) (Scheme 3.31). 
 
 
 
 
 
 
 
 
Scheme 3.31 Sequential borylation-allylation of aziridine 3.37a with imines 
 
The reason of the hydrolysis of the imine was not completely clear, even if we think that the 
catalytic system and methanol can reasonably favor the hydrolysis. However, also when the 
reaction was carried out in two steps, by carrying out the allylation reaction on the isolated 1,4-
trans-cyclopentenyl boronate 3.41a, the same result was obtained. 
Therefore, we decided to verify the allylation reaction with an imine without any N-protecting 
group. As these imines are not stable, they were prepared in situ by a recently described procedure 
by Kobayashi.23 This procedure, based on a novel three-component reactions of aldehydes, 
ammonia and allylboronates was used by the authors for the synthesis of homoallylic primary 
amines with high chemo- and stereoselectivity. 
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Following the Kobayashi method, we prepared in situ the corresponding imine by treatment of a 
solution of the aldehyde in ethanol with a 7 M NH3 in MeOH at -10°C for 2 hours. The crude imine 
was then added to the 1,4-trans-cyclopentenyl boronate 3.41a in a one-pot method (Scheme 3.32). 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.32 Sequential borylation-allylation of aziridine 3.37a with an imine 
 
The 1,3-diamine 3.58 was obtained in 21% isolated yield after chromatographic purification on 
silica gel as a white solid. Following this result we conducted a screening by using imines derived 
from different aldehyde in the reaction with N-tosyl aziridine 3.37a,b. In all the examined case, the 
corresponding addition products were obtained in low yields (Table 3.6). 
 
Table 3.6 Sequential borylation-allylation of  N-tosyl aziridine 3.37a,b with imines 
 
entry substrate imine product yield (%)a 
 
    1 
 25a 
 
NHTs
H2N
Ar
1
 3.59 
 
    10 
     
    2 
 25a 
 
NHTs
H2N
Ar
2
 3.60 
 
    34 
    
    3 
 25a 
 
NHTs
H2N
Ar
3
 3.61 
  
    27 
     
    4 
 25a 
 
      
 
    - 
    
    5 
 25b 
  3.62 
 
    57 
    
    6 
 25b 
 
 3.63 
 
    40 
 
a Isolated yields of pure product after chromatographic purification 
 
Aromatic imines with different substituent gave the corresponding 1,3-diamino products up to 57% 
isolated yield (entry 5, Table 3.6), whereas an aliphatic imine was not reactive (entry 4). As shown, 
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all the reactions were carried out starting from cyclic vinyl aziridine; similar reactions carried out 
with the corresponding five or six-membered ring vinyl epoxides 3.38a,b gave complex reaction 
mixtures containing the corresponding allylation products (1H NMR) which were not purified. 
 
 
3.2.4 Elaboration of allylboronates 
 
 The oxidation of the allylic boron derivatives to the corresponding hydroxy compounds 
was examined. This transformation corresponds to a formal stereoselective 1,4-addition of a 
hydroxy group across the double bond of a vinyl-substituted three-membered heterocycle, a 
transformation which is unprecedented in the literature. However, the borylation-oxidation 
sequence was not feasible with vinyl epoxides 3.38a and 3.38b, whereas the one-pot oxidation with 
NaBO3 in a THF/H2O mixture was successful for the allylic boronates derived from aziridines 
3.37a and 3.37b with the formation of the corresponding 1,4-N-tosylamino cycloalkenols 3.64 and 
3.65, respectively (Scheme 3.33) 
 
 
 
 
 
 
 
 
 
Scheme 3.33 One-pot nickel-catalyzed borylation-oxidation of vinyl aziridines 
 
The products 3.64 and 3.65 were obtained easily in a good isolated yield after chromatographic 
purification (80% and 70%, respectively). These compounds are carbocyclic amino alcohols which 
can be considered are useful building blocks for the synthesis of cabocyclic nucleosides and 
aminocyclitols.24 
We also carried out the oxidation reaction starting from the phenyl vinyl aziridine 3.39. in this case 
we obtained amino alcohol 3.66 was obtained even if in a very low isolated yield (Scheme 3.34). 
 
 
 
 
 
 
Scheme 3.34 One-pot nickel-catalyzed borylation-oxidation of aziridine 3.39 
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complex mixtures
 In another elaboration, the allylic boron derivatives were transformed into the 
corresponding organotrifluoroborates compounds, that this organoboron compounds which 
contains an anion having general formula [RBF3]−. This compounds can be thought as protected 
boronic acids, or as adducts formed by carbanions and boron trifluoride. Organotrifluoroborates are 
tolerant of air and moisture and are easy to handle and purify. They are often used in organic 
synthesis as alternatives to boronic acids (RB(OH)2), boronate esters (RB(OR′)2), and 
organoboranes (R3B), particularly for Suzuki-Miyaura couplings. Also in this case, we performed 
the desired transformation in a one-pot method, following the Molander procedure, by adding 
aqueous KHF2 to the reaction mixture and subsequent removal of the solvent and recrystallization 
of the crude solid product from acetone.25 In this way, the organotrifluoroborates 3.67, 3.68 and 
3.69 deriving from the corresponding vinyl aziridine were obtained. No corresponding 
transformation occurred starting from vinyl epoxides 3.38a,b (Scheme 3.35). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.35 Preparation of organotrifluoroborates 
 
 
 
 
3.2.5 Demonstration of relative stereochemistry 
 
 In order to demonstrate their exact relative configurations, allylation products 3.46 and 
3.48 were subjected to catalytic hydrogenation with by using PtO2 in ethanol at room temperature 
(Scheme 3.36). 
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Scheme 3.36 Catalytic hydrogenation 
 
The obtained saturated products (1S*,2S*)-2-((S)-hydroxy(phenyl)methyl)cyclopentanol 3.70 or -
cyclohexanol 3.71  were obtained in a quantitative yield after a simple filtration on a celite pad. The 
comparison of the 1H NMR data of 3.70 and 3.71 with appropriate literature data reported by 
Gallagher, in a paper concerning the hydroxyl-directed reduction of β-hydroxycycloalkanones as a 
stereoselective route to 1,3-diols, established for 3.70 and 3.71 the relative configuration trans-
threo.26 Other evidence of the relative configuration present in 3.70 and 3.71 and thus in 3.46 and 
3.48 were obtained by examining some their derivatives as: 
 a) carbonate 3.72 obtained by reaction of allylation product 3.48 with a 2 M fosgene solution in 
toluene. The reaction was carried out in mixture of pyridine/toluene and, after 2 hours, carbonate 
3.72 was obtained and analyzed without a further purification (Scheme 3.37);  
 
 
 
 
 
 
 
 
Scheme 3.37 Preparation of carbonate 3.72 
 
b) acetals 3.73 and 3.74 obtained by reaction of 3.46 and 3.48 with 2,2-dimethoxypropane in the 
presence of PPTS (pyridinium p-toluenesulfonate). Acetals 3.73 and 3.74 were obtained in a high 
isolated yield after chromatographic purification on silica gel (Scheme 3.38).  
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Scheme 3.38 Preparation of acetals 3.73 and 3.74 
 
All these derivatives, carbonate 3.72 and acetals 3.73 and 3.74 are rigid bicyclic systems which 
give the possibility to check their relative configuration by examining the corresponding coupling 
costant values of the deschermed protons in their 1H NMR spectra. As shown in Figure 3.6, the 
observed data (J= 9.8-12.0 Hz) are consistent with a trans diaxial orientation and anti disposition 
of the protons of interest and thus with the assignment trans-threo configuration for this 
compounds and for the related allylation products 3.46 and 3.48 (Figure 3.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Coupling costant values in  derivatives 3.72-3.74 
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3.3 Experimental section 
 
General Methods and Materials. All reactions were carried out under an argon atmosphere in 
oven dried 10 mL or 25 mL Schlenk tubes. Toluene was freshly distilled from 
sodium/benzophenone ketyl. Ni(cod)2 was purchased from Strem Chemical Inc. and used as 
received strictly under an argon atmosphere. Aldehydes were freshly distilled before use. HPLC 
grade MeOH was used for  the reactions. Analytical TLC were performed on Alugram SIL 
G/UV254 silica gel sheets with detection by p-anisaldeyde acid solution in EtOH. Silica gel 60 was 
used for flash chromatography. Solvents for extraction and chromatography were distilled before 
use.  
1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. Chemical shifts are 
reported in ppm downfield from tetramethylsilane with the solvent resonance as the internal 
standard (deuterochloroform: δ 7.26, deuteroacetonitrile: δ 1.94). 13C NMR spectra were recorded 
on a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton decoupling. Chemical 
shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as the 
internal standard (deuterochloroform: δ 77.0, deuteroacetonitrile: δ 1.32). 
Melting points were determined on a Kofler apparatus and are uncorrected. 
Mass spectra ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped 
with a software Xcalibur. 
GC/MS spectra were obtained on a HP-5988-A operating at 70 eV. 
Elemental analyses were performed Elemental analyses were performed with a Carlo Erba DP200 
instrumentation. 
 
Synthesis of Allylic Epoxides. Allylic epoxides 3.38a and 3.38b have been prepared by 
epoxidation of the corresponding 1,3-diene monoepoxides in accordance with a previously 
described method.27 
 
Synthesis of Vinyl Aziridines. Cyclic vinyl aziridines 3.37a and 3.37b were obtained direct 
aziridination of the corresponding dienes with PhI=NTs catalyzed by Cu(acac)2, in accordance with 
a previously reported procedure.28 Phenyl vinyl aziridine 3.39 was obtained as 68/32 cis/trans 
mixture by addition of allyl sulfur ylides to N-tosyl phenyl aldimine.29 
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General Procedure for the Nickel-Catalyzed Borylation - Synthesis of Cyclic Allylic 
Boronates 3.37a, 3.38a and 3.37b. 
A 10 mL Schlenk tube was charged, under argon protection, with Ni(cod)2 (4.20 mg, 0.015 mmol) 
and K3PO4 (154.0 mg, 0.70 mmol). Anhydrous toluene (1.5 mL) and racemic Binap (14.0 mg, 
0.0225 mmol) were added, and the resulting suspension was stirred for 10 minutes at 0 °C. The 
substrate (0.30 mmol) in toluene (1.5 ml), bis(pinacolato) diboron (114.0 mg, 0.45 mmol) were 
then added, followed by methanol (0.10 mL). The suspension was vigorously was stirred at rt and 
monitored by TLC (hexanes/EtOAc 7:3) up to complete consumption of the starting material (ca. 1 
h for 3.37a, 3h for 3.38a, and 5 h for 3.37b). The reaction was treated with H2O (3.0 ml), extracted 
with CH2Cl2 (5 ml X 3), and dried (MgSO4). Evaporation of the organic solvent afforded a crude 
residue which was subjected to flash chromatography. 
 
(1S*,4S*)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopent-2-enol (3.42a).  
Following the general procedure, epoxide 3.38a (25 mg, 0.30 mmol) after a borylation time of 3h, 
the usual work-up afforded a crude mixture. Despite the several attempts made, it was not possible 
to isolate this compound in a pure state by chromatographic purification. Its presence was clearly 
indicated by 1H NMR examination of the crude reaction mixture in which compound 3.42a was 
only contaminated by B2Pin2 and Binap. 1H NMR (250 MHz, CDCl3) δ 5.95-6.02 (m, 1H), 5.75-
5.82 (m, 1H), 4.84-4.90 (m, 1H), 1.98-2.31 (2m, 2H), 1.87 (ddd, 1H, J=3.2, 8.8, 13.7 Hz), 1.23 (s, 
12H, signal overlapping with B2Pin2). 
 
4-Methyl-N-((1S*,4S*)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)cyclopent-2-enyl)benzenesulfonamide (3.41a). 
Following the general procedure, aziridine 3.37a (85% purity, 83 mg, 0.30 mmol) 
after a borylation time of 1h, the usual work-up afforded a crude mixture which was 
subjected to flash chromatography (hexanes/EtOAc 7:3) to give 3.41a (87 mg, 
80%), as an oil. 
1H NMR (250 MHz, CDCl3) δ 7.78 (d, 2H, J= 8.5 Hz), 7.31 (d, 2H, J= 8.5 Hz), 5.85 (d, 1H, J=5.3 
Hz), 5.35 (d, 1H, J=4.5 Hz), 4.46 (bs, 2H, include  NH), 2.46 (s, 3H), 2.15-2.29 (m, 2H), 1.67-1.75 
(m, 1H), 1.20 (s, 12H). 13C NMR (62.5 MHz, CDCl3) δ 143.2, 138.2, 136.1, 129.7, 128.8, 127.0, 
83.5, 60.1, 33.9, 24.8, 21.5,  
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4-Methyl-N-((1S*,4S*)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)cyclohex-2-enyl)benzenesulfonamide (3.41b). 
Following the general procedure, aziridine 3.37b (92% purity, 81 mg, 0.30 mmol) 
after a borylation time of 5h, the usual work-up afforded a crude mixture which 
was subjected to flash chromatography (hexanes/EtOAc 65:35) to give 3.41b (72 
mg, 64%), as an oil . 
1H NMR (250 MHz, CDCl3) δ 7.77 (d, 2H, J= 8.0 Hz), 7.31 (d, 2H, J= 8.0 Hz), 5.76-5.85 (m, 1H), 
5.29 (dt, 1H, J=3.5 and 9.8 Hz), 4.51 (bd, 1H, J=8.0 Hz, NH), 3.79 (br m, 1H), 2.46 (s, 3H), 1.52-
1.90 (m, 5H), 1.21 (s, 12H). 13C NMR (62.5 MHz, CDCl3) δ 143.2, 138.3, 132.4, 129.6, 127.0, 
125.4, 83.4, 46.7, 30.0, 24.7, 21.5, 20.6. 
 
General Procedure for the Sequential Borylative Ring Opening Allylation with Aldehydes 
A 10 mL Schlenk tube was charged, under argon protection, with Ni(cod)2 (4.20 mg, 0.015 mmol) 
and K3PO4 (154.0 mg, 0.70 mmol). Anhydrous toluene (1.5 mL) and racemic Binap (14.0 mg, 
0.0225 mmol) were added, and the resulting suspension was stirred for 10 minutes at 0 °C. The 
substrate (0.30 mmol) in toluene (1.5 ml), bis(pinacolato) diboron (114.0 mg, 0.45 mmol) were 
then added, followed by methanol (0.10 mL). The reaction was stirred at rt and monitored by TLC 
(hexanes/EtOAc 7:3) up to complete consumption of the starting material (1-5 h). At this point, the 
aldehyde (freshly distilled, 0.45 mmol) was introduced at 0 °C and the reaction mixture was stirred 
at rt overnight. The reaction was treated with H2O (3.0 ml), extracted with CH2Cl2 (5 ml X 3), and 
dried (MgSO4). Evaporation of the organic solvent afforded a crude residue which was subjected to 
flash chromatography. 
 
 (1S*,2S*)-2-((S*)-Hydroxy(phenyl)methyl)cyclopent-3-enol (3.46). 
Following the general procedure, using epoxide 3.38a (25 mg, 0.30 mmol), after a 
borylation time of 3h, the reaction was treated with benzaldehyde (46 µl, 0.45 
mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (hexanes/EtOAc 7:3) to give the title compound 3.46 (48.5 mg, 85%), as a white 
solid. M.p.= 93 °C. 
1H NMR (250 MHz, CDCl3) δ 7.28-7.42 (m, 5H), 5.69-5.76 (m, 1H), 5.18-5.24 (m, 1H), 4.51-4.58 
(m, 1H), 4.38 (d, 1H, J= 9.1 Hz), 2.88 (dddd, 1H, J= 2.2, 4.2, 6.5, 9.1 Hz), 2.69 (dddd, 1H, J=2.2, 
4.2, 6.5, 17.0 Hz), 2.32 (dddd, 1H, J=2.3, 4.5, 7.8, 17.0 Hz). 
13C NMR (62.5 MHz, CDCl3) δ 142.9, 130.5, 129.1, 128.5, 127.9, 126.4, 77.4, 76.2, 61.9, 40.8. 
MS-EI m/z (relative intensity) 172 (M-H2O, 5), 107 (73), 79 (73), 77 (55), 66 (100). 
Anal. Calcd. For C12H14O2: C, 75.76%; H, 7.42%. Found: C, 75.88%; H, 7.54%. 
B
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 N-((1S*,2S*)-2-((S*)-Hydroxy(phenyl)methyl)cyclopent-3-enyl)-4-
methylbenzenesulfonamide (3.45). 
Following the general procedure, using aziridine 3.37a (85% purity, 83 mg, 
0.30 mmol), after a borylation time of 1h, the reaction was treated with benzaldehyde (46 µl, 0.45 
mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (gradient from hexanes/EtOAc 8:2 to hexanes/EtOAc 7:3) to give the title 
compound 3.45 (82.3 mg, 80%), as a light yellow oil. 1H NMR (250 MHz, CDCl3) δ 7.78 (d, 2H, 
J= 8.0 Hz), 7.20-7.40 (m, 7H), 5.64-5.67 (m, 1H), 5.25-5.35 (br, 1H, NH), 5.14-5.18 (m, 1H), 4.36 
(d, 1H, J= 8.5 Hz), 3.67-3.74 (m, 1H), 2.93-3.00 (m, 1H), 2.65 (ddd, 1H, J= 2.3, 8.0, 17.2 Hz), 2.47 
(s, 3H), 2.31 (ddd, 1H, J= 2.3, 5.5, 17.2 Hz). 13C NMR (62.5 MHz, CDCl3) δ 143.4, 142.3, 136.8, 
138.8, 130.7, 129.7, 129.0, 128.5, 127.4, 126.4, 77.1, 60.2, 57.2, 39.9, 21.6. Anal. Calcd. For 
C19H21NO3S: C, 66.45%; H, 6.16%; N, 4.08. Found: C, 66.56%; H, 6.09%; N, 4.11%. 
The enantiomeric excess of this compound when obtained via kinetic resolution using R-Binap was 
determined by HPLC analysis on DaicelChiralcel AD-H (hexanes/isopropanol:80/20): tR 17.9 
(major), tR 26.5 (minor). 
 
   (1S*,2S*)-2-((S*)-Hydroxy(phenyl)methyl)cyclohex-3-enol (3.48) 
Following the general procedure, using epoxide 3.38b (30 mg, 0.30 mmol), after 
a borylation time of 5h, the reaction was treated with benzaldehyde (46 µl, 0.45 
mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (hexanes/EtOAc 7:3) to give the title compound 3.48 (40 mg, 65%), as a white 
amorphous solid. 1H NMR (250 MHz, CDCl3) δ 7.25-7.41 (m, 5H), 5.60-5.70 (m, 1H), 4.90 (dd, 
1H, J= 1.8, 10.0 Hz), 4.54 (d, 1H, J= 9.7 Hz), 3.95 (ddd, 1H, J= 3.8, 8.0, 11.5 Hz), 3.02-3.20 (br m, 
2H, OH), 2.45-2.52 (m, 1H), 1.95-2.19 (m, 3H), 1.52-1.72 (m, 1H). 13C NMR (62.5 MHz, CDCl3) δ 
142.4, 128.9, 128.6, 128.2, 127.3, 124.5, 80.8, 73.0, 50.3, 30.4, 24.7. Anal. Calcd. For C13H16O2: C, 
76.44%; H, 7.90%. Found: C, 76.68%; H, 7.74%. 
 
 N-((1S*,2S*)-2-((S*)-Hydroxy(phenyl)methyl)cyclohex-3-enyl)-4-
methylbenzenesulfonamide (3.47). 
Following the general procedure, aziridine 3.37b (92% purity, 81 mg, 0.30 
mmol) after a borylation time of 5h, the reaction was treated with benzaldehyde (46 µl, 0.45 
mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (gradient from hexanes/EtOAc 8:2 to hexanes/EtOAc 7:3) to give the title 
compound 3.47 (77 mg, 72%), as a light yellow oil. 1H NMR (250 MHz, CD3CN) δ 7.76 (d, 2H, J= 
8.2 Hz), 7.38 (d, 2H, J= 8.2 Hz), 7.15-7.36 (m, 5H), 5.63-5.80 (m, 2H, including NH), 5.05 (dd, 
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1H, J= 2.3, 10.2 Hz), 4.41 (dd, 1H, J= 3.8, 7.8 Hz), 3.60-3.70 (m, 1H), 3.42 (d, 1H; J= 3.8 Hz, 
OH), 2.48 (s, 3H), 1.72-2.30 (m, 3H), 1.46-1.58 (m, 1H). 13C NMR (62.5 MHz, CD3CN) δ 144.3, 
143.8, 139.6, 130.6, 128.9, 129.6, 128.3, 127.8, 127.7, 125.6, 78.4, 76.0, 50.7, 48.9, 25.6, 22.1. 
Anal. Calcd. For C20H23NO3S: C, 67.20%; H, 6.49%; N, 3.92. Found: C, 67.32%; H, 6.29%; N, 
4.08%. 
 
 N-((1S*,2S*)-2-((R*)-1-Hydroxyethyl)cyclopent-3-enyl)-4-
methylbenzenesulfonamide (3.52). 
Following the general procedure, using aziridine 3.37a (85% purity, 83 mg, 
0.30 mmol), after a borylation time of 1h, the reaction was treated with acetaldehyde (25 µl, 0.45 
mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (hexanes/EtOAc 7:3) to give the title compound 3.52 (25 mg, 38%), as an oil. 1H 
NMR (250 MHz, CDCl3) δ 7.80 (d, 2H, J= 8.2 Hz), 7.32 (d, 2H, J= 8.2 Hz), 5.71-5.75 (m, 1H), 
5.50-5.54 (m, 1H), 4.95 (bt, 1H, NH), 3.69-3.78 (m 1H), 3.54-3.64 (m, 1H), 2.57-2.67 (m, 1H), 
2.45 (s, 3H), 2.12-2.21 (m, 1H), 1.18 (d, 3H, J= 6.3 Hz). 13C NMR (62.5 MHz, CDCl3) δ 142.8, 
142.4, 133.1, 130.7, 129.7, 127.3, 70.1, 60.8, 55.9, 40.3, 29.7, 21.5. ESI-MS= 294 (M+Na+). 
 
N-((1S*,2S*)-2-((S*)-(3-Chlorophenyl) 
(hydroxy)methyl)cyclopent-3-enyl)-4-methylbenzenesulfonamide 
(3.53). 
Following the general procedure, using aziridine 3.37a (85% purity, 83 mg, 0.30 mmol), after a 
borylation time of 1h, the reaction was treated with 3-chlorobenzaldehyde (52 µl, 0.45 mmol). 
After 18h the usual work-up afforded a crude mixture which was subjected to flash 
chromatography (hexanes/EtOAc 7:3) to give the title compound 3.53 (95 mg, 84%), as light 
orange semisolid. 1H NMR (250 MHz, CDCl3) δ 7.75 (d, 2H, J= 8.2 Hz), 7.25-7.34 (m, 6H), 5.67-
5.72 (m, 1H), 5.15-5.22 (m, 2H, include NH), 4.37 (d, 1H, J= 8.0 Hz), 3.74 (ddd, 1H, J= 5.5, 7.8, 
11.2 Hz), 2.88-2.99 (m, 1H), 2.62-2.72 (m, 2H, include OH), 2.46 (s, 3H), 2.26 (ddd, 1H, J= 2.0, 
4.8, 17.0 Hz). 13C NMR (62.5 MHz, CDCl3) δ 144.4, 143.9, 143.5, 136.9, 134.3, 131.1, 129.7, 
128.7, 127.3, 127.0, 124.6, 76.4, 60.4, 56.7, 40.0, 21.6. ESI-MS= 400 (M+Na+). 
 
  N-((1S*,2S*)-2-((S*)-(4-Fluorophenyl)(hydroxy)methyl)cyclohex-3-
enyl)-4-methylbenzenesulfonamide (3.54). 
Following the general procedure, aziridine 3.37b (92% purity, 81 mg, 
0.30 mmol) after a borylation time of 5h, the reaction was treated with 4-fluorobenzaldehyde (48 
µl, 0.45 mmol). After 18h the usual work-up afforded a crude mixture which was subjected to flash 
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chromatography (hexanes/EtOAc 7:3) to give the title compound 3.54 (73 mg, 65%), as a sticky 
white amorphous solid. 1H NMR (250 MHz, CDCl3) δ 7.75 (d, 2H, J=8.2 Hz), 6.94-7.30 (m, 6H), 
5.65-5.74 (m, 1H), 4.98-5.05 (m, 1H), 4.40 (d, 1H, J= 8.3 Hz), 3.64-3.71 (m, 1H), 2.43 (s, 3H), 
1.70-2.35 (m, 4H), 1.51-1.65 (m, 1H). 13C NMR (62.5 MHz, CDCl3) δ 162.2 (d, J= 246.3 Hz), 
143.3, 143.2, 137.7, 129.6, 128.4, 127.1, 124.3, 115.4, 75.9, 50.2 (2C), 48.2, 25.3, 21.5. Anal. 
Calcd. For C20H22FNO3S: C, 63.98%; H, 5.91%; N, 3.73. Found: C, 63.82%; H, 5.75%; N, 3.62%. 
 
 N-((1S*,2S*)-2-((S*)-Hydroxy(2-methoxyphenyl)methyl)cyclopent-3-
enyl)-4-methylbenzenesulfonamide (3.56). 
Following the general procedure, using aziridine 3.37a (85% purity, 83 mg, 
0.30 mmol), after a borylation time of 1h, the reaction was treated with imines derived from 
benzaldehyde (55 µl, 0.45 mmol). After 18h the usual work-up afforded a crude mixture which was 
subjected to flash chromatography (hexanes/EtOAc 7:3) to give the title compound 3.56 (106 mg, 
95%). 1H NMR (250 MHz, CDCl3) δ 7.73 (d, 2H, J= 8.5 Hz), 7.10-7.31 (m, 4H), 6.84-6.92 (m, 
2H), 5.63-5.68 (m, 1H), 5.13-5.25 (m, 2H, include NH), 4.51 (d, 1H, J= 8.3 Hz), 3.82 (s, 3H), 3.68-
3.78 (m, 1H), 3.09-3.16 (m, 1H), 2.62-2.73 (m, 1H), 2.47 (s, 3H), 2.26-2.37 (m, 1H). 13C NMR 
(62.5 MHz, CDCl3) δ 156.5, 143.2, 136.9, 130.3, 129.6, 129.5, 128.8, 127.7, 127.4 (2C), 120.8, 
110.7, 73.6, 58.7, 57.0, 55.3, 39.9, 21.5. ESI-MS= 396 (M+Na+). Anal. Calcd. For C20H23NO4S: C, 
64.32%; H, 6.21%; N, 3.75. Found: C, 64.34%; H, 6.18%; N, 3.86%. 
 
N-(2-(Hydroxy(phenyl)methyl)-phenylbut-3-enyl)-4-methylbenzenesulfonamide (3.49 mixture 
of isomers). 
Following the general procedure, using aziridine 3.39 (68/32 cis/trans mixture, 120 mg, 0.40 
mmol), MeOH (131 µL), after a borylation time of 5h, the reaction was treated with benzaldehyde 
(61 µl, 0.6 mmol). After 18h the usual work-up afforded a crude mixture which was subjected to 
flash chromatography (hexanes/EtOAc 7:3) to give a ca. 80/20 mixture of diastereoisomers. A 
subsequent semipreparative TLC eluting with (hexanes/EtOAc 8:2) gave minimal amounts of pure 
isomers. Representative signals: Major isomer:  1H NMR (250 MHz, CDCl3) δ 5.74 (dd, 1H, 
J=10.0 and 18.0 Hz), 5.18 (d, 1H, J=10.0 Hz), 5.12 (d, 1H, J=5.0 Hz), 4.76 (d, 1H, J=17.5 Hz), 
4.40-4.52 (m, 2H), 2.35-2.45 (m, 1H), 2.38 (s, 3H). 13C NMR (62.5 MHz, CDCl3) δ 73.0, 58.5.  
Minor isomer: 5.41-5.58 (m, 1H), 5.10 (bs, 1H), 5.03 (dd, 1H, J=0.8 and 5.3 Hz), 4.80 (d, 1H, 
J=6.0 Hz), 4.35 (apparent q, 1H, J=6.5 Hz). 
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General Procedure for the Sequential Borylative Ring Opening Allylation with Imines. 
A 10 mL Schlenk tube was charged, under argon protection, with Ni(cod)2 (4.20 mg, 0.015 mmol) 
and K3PO4 (154.0 mg, 0.70 mmol). Anhydrous toluene (1.5 mL) and racemic Binap (14.0 mg, 
0.0225 mmol) were added, and the resulting suspension was stirred for 10 minutes at 0 °C. The 
substrate (0.30 mmol) in toluene (1.5 ml), bis(pinacolato) diboron (114.0 mg, 0.45 mmol) were 
then added, followed by methanol (0.10 mL). The reaction was stirred at rt and monitored by TLC 
(hexanes/EtOAc 7:3) up to complete consumption of the starting material (1-5 h). At the same time 
we prepared in situ the imine starting from aldehyde in liquid ammonia (7 M in MeOH) and 
ethanol at -10 °C for 2 hours, and then we added at 0 °C to the boronate formed and the reaction 
mixture was stirred at rt overnight. The reaction was treated with H2O (3.0 ml), extracted with 
CH2Cl2 (5 ml X 3), and dried (MgSO4). Evaporation of the organic solvent afforded a crude residue 
which was subjected to flash chromatography. 
 
N-((1S*,2R*)-2-((S*)-amino(phenyl)methyl)cyclopent-3-enyl)-4-
methylbenzenesulfonamide (3.58). 
Following the general procedure, using aziridine 3.37a (85% purity, 83 mg, 0.30 
mmol), after a borylation time of 1h, the reaction was treated with benzaldehyde (46 µl, 0.45 
mmol) in liquid ammonia (7 M in MeOH, 1,6 ml). After 18h the usual work-up afforded a crude 
mixture which was subjected to flash chromatography (hexanes/EtOAc 7:3) to give the title 
compound 3.58 (23.3 mg, 21%). 1H NMR (250 MHz, CDCl3) δ 7.67 (d, 2H, J= 8.1 Hz), 7.46-7.41 
(m 5H), 6.99 (d, 2H, J=7.95 Hz); 5.70-5.65 (m, 1H), 5.35-5.30 (m, 1H), 4.02 (d, 1H, J= 8.8 Hz), 
3.41-3.36 (m, 1H), 3.30-3.22 (m, 1H), 2.54-2.42 (m, 1H), 2.34 (s, 3H). 13C NMR (62.5 MHz, 
CDCl3) δ 142.9, 142.1, 136.3, 135.7, 131.1, 130.5, 129.3, 128.6, 128.3, 127.1, 77.7, 59.4, 39.9, 
21.4. ESI-MS= 365,14 (M+Na+).  
 
N-((1S*,2R*)-2-((S*)-amino(4-nitrophenyl)methyl)cyclopent-3-enyl)-
4-methylbenzenesulfonamide (3.60) 
Following the general procedure, using aziridine 3.37a (85% purity, 83 
mg, 0.30 mmol), after a borylation time of 1h, the reaction was treated 
with 4-nitrobenzaldehyde (68 mg, 0.45 mmol) in liquid ammonia (7 M in MeOH, 1,6 ml). After 
18h the usual work-up afforded a crude mixture which was subjected to flash chromatography 
(hexanes/EtOAc 7:3) to give the title compound 3.60 (39.4 mg, 34%). 1H NMR (250 MHz, CDCl3) 
δ 8.32 (d, 2H, J= 8.7 Hz), 8.14 (d 2H, J=8.6 Hz), 7.91 (d, 2H, J=8.7 Hz); 7.16 (d, 2H, J=8.2 Hz), 
5.72-5.65 (m, 1H), 5.53-5.46 (m, 1H), 4.81 (d, 1H, J= 7.5 Hz), 4.42-4.31 (m, 1H), 3.78-3.66 (m, 
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1H), 3.21-3.14 (m, 1H), 2.43 (s, 4H) 13C NMR (62.5 MHz, CDCl3) δ 129.5, 129.1, 128.6, 128.3, 
126.9, 123.9, 72.3, 55.2, 30.3, 29.6, 24.8, 21.5.ESI-MS= 410,14 (M+Na+).  
 
N-((1S*,2R*)-2-((S*)-amino(3-chlorophenyl)methyl)cyclopent-3-
enyl)-4-methylbenzenesulfonamide (3.61) 
Following the general procedure, using aziridine 3.37a (85% purity, 83 
mg, 0.30 mmol), after a borylation time of 1h, the reaction was treated 
with 3-chlorobenzaldehyde (52 µl, 0.45 mmol) in liquid ammonia (7 M in MeOH, 1,6 ml). After 
18h the usual work-up afforded a crude mixture which was subjected to flash chromatography 
(hexanes/EtOAc 7:3) to give the title compound 3.61 (29.4 mg, 27%). 1H NMR (250 MHz, CDCl3) 
δ 7.12-7.50 (m, 4H), 5.70-5.67 (m, 1H), 5.37 (ddd, 1H, J= 2.0, 4.0, 7.9 Hz), 5.01 (d, 1H, J= 5.0 
Hz), 4.04 (d, 1H, J= 7.7 Hz), 3.58-3.49 (m, 1H), 3.17-3.11 (m, 1H), 2.61 (ddd, 1H, J= 2.2, 4.7, 9.2 
Hz), 2.48-2.32 (m, 4H)  13C NMR (62.5 MHz, CDCl3) δ 143.1, 136.7, 134.8, 134.3, 131.1, 129.9, 
129.4, 129.0, 128.2, 127.9, 127.5, 126.4, 59.8, 56.4, 40.3, 29.6, 21.5. 
 
N-((1S*,2R*)-2-((S*)-amino(3-chlorophenyl)methyl)cyclohex-3-enyl)-
4-methylbenzenesulfonamide (3.62). 
Following the general procedure, aziridine 3.37b (92% purity, 81 mg, 
0.30 mmol) after a borylation time of 5h, the reaction was treated treated with 2-
chlorobenzaldehyde (52 µl, 0.45 mmol) in liquid ammonia (7 M in MeOH, 1,6 ml). After 18h the 
usual work-up afforded a crude mixture which was subjected to flash chromatography 
(hexanes/EtOAc 7:3) to give the title compound 3.62 (66.7 mg, 57%). 1H NMR (250 MHz, CDCl3) 
δ 7.69 (d, 2H, J= 8.0 Hz), 7.45-7.31 (m, 6H), 5.79-5.71 (m, 1H), 5.16-5.10 (m, 1H), 5.02-4.96 (m, 
1H), 4.07-4.03 (m, 1H), 3.52-3.42 (m, 1H), 2.42 (br, s, 3H), 1.81-1.58 (m, 2H), 1.31-1.23 (m, 2H)  
13C NMR (62.5 MHz, CDCl3) δ 143.4, 143.3, 137.4, 134.7, 134.2, 129.9, 129.6, 127.5, 125.9, 
124.5, 77.5, 76.4, 49.0, 47.2, 29.6, 23.9. 
 
General Procedure for the One-Pot Borylation-Oxidation of Vinyl Aziridines  
The suspension deriving from the nickel-catalyzed borylation (see page S3), starting from aziridine 
3.37a or 3.37b (0.2 mmol) was additioned with a 1:1 THF/H2O mixture (2.0 mL) and then with 
NaBO3-4H2O (153 mg, 1.0 mmol).30 The reaction mixture was stirred vigorously at rt and then was 
quenched with H2O and extracted with EtOAc. The combined organic layers washed (brine) and 
dried (MgSO4) afforded a crude product that was purified by flash chromatography on silica gel. 
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 N-((1S*,4S*)-4-Hydroxycyclopent-2-enyl)-4-methylbenzenesulfonamide (3.64). 
Following the general procedure, aziridine 3.37a (85% purity, 55 mg, 0.20 mmol) after 
a borylation time of 1h was treated with NaBO3 (154 mg) and allowed to stir for 30 min 
at rt. Flash chromatography (hexanes/EtOAc 1:1 + 5% MeOH) afforded the title 
compound 3.64 (40 mg, 80%), as a white semisolid. 1H NMR (250 MHz, CDCl3) δ 7.76 (d, 2H, J= 
8.0 Hz), 7.32 (d, 2H, J= 8.0 Hz), 5.89-5.95 (m, 1H),  5.67-5.73 (m, 1H), 4.85-4.91 (m, 1H), 4.52-
4.72 (2 br m, 2H, include NH), 2.44 (s, 3H), 2.00 (ddd, 1H, J= 4.2, 7.3 and 14.5 Hz), 1.84 (ddd, 1H, 
J= 4.7, 7.0 and 14.5 Hz). 13C NMR (62.5 MHz, CDCl3) δ 143.6, 137.6, 136.9, 134.9, 129.8, 127.1, 
75.4, 58.5, 41.9, 21.5. ESI-MS= 254 (M+H+). Anal. Calcd. For C12H15NO3S: C, 56.90%; H, 5.97%; 
N, 5.53. Found: C, 56.74%; H, 5.80%; N, 5.58%. 
 
N-((1S*,4S*)-4-Hydroxycyclohex-2-enyl)-4-methylbenzenesulfonamide (3.65)31 
 Following the general procedure, aziridine 3.37b (92% purity, 59 mg, 0.20 mmol) after 
a borylation time of 5h was treated with NaBO3 (150 mg) and allowed to stir for 50 min 
at rt. Flash chromatography (hexanes/EtOAc 1:1 + 5% MeOH) afforded the title 
compound 3.65 (37 mg, 70%), as a white semisolid.  1H NMR (250 MHz, CDCl3) δ 7.73 (d, 2H, J= 
8.0 Hz), 7.29 (d, 2H, J= 8.0 Hz), 5.67-5.75 (m, 1H), 5.38-5.46 (m, 1H), 4.92-5.07 (br, 1H, NH), 4-
08-4.18 (m, 1H), 3.77-3.89 (m, 1H), 2.44 (s, 3H), 1.88-2.15 (m, 3H, include OH), 1.35-1.50 (m, 
2H). 13C NMR (62.5 MHz, CDCl3) δ 143.5, 138.0, 133.8, 129.8, 129.7, 126.9, 65.4, 49.4, 30.5, 
28.5, 21.5. ESI-MS= 268 (M+H+). 
 
Demonstration of the Relative Stereochemistry 
Catalytic hydrogenation [H2/EtOH/PtO2(cat), rt, 1 atm] of 3.45 and 3.48 to the corresponding 
saturated compounds (1S*,2S*)-2-((S)-hydroxy(phenyl)methyl)cyclopentanol 3.70 and (1S*,2S*)-
2-((S)-hydroxy(phenyl)methyl)cyclohexanol 3.71 and comparison with literature data established 
the relative configuration to be trans-threo.24 
 
(4S*, 4aS*, 8aS*)-4-Phenyl-4a,7,8,8a-tetrahydro-4H-benzo[d][1,3]dioxin-2-
one (3.72).  
A solution of fosgene (20% in toluene, 0.1 mL) is added to a solution of 3.48 (10 
mg, 0.049 mmol) anydrous pyridine (1.0 mL) at 0 °C. After stirring 3h at rt, the 
reaction is treated with saturated aqueous NaHCO3, extracted with CH2Cl2 and washed with brine. 
Evaporation of the dried organic solvent afforded a crude oil that was not further purified. 1H NMR 
(250 MHz, CDCl3) δ 7.25-7-51 (m, 5H), 5.77-5.83 (m, 1H), 5.19 (dd, 1H, J=1.8 and 9.7 Hz), 5.09 
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(d, 1H, J=11.5 Hz, OCHPh), 4.42 (ddd, 1H, J=3.5, 9.5 and 12.0 Hz, OCHCC), 2.65-2.77 (ddd, 1H, 
J= 1.5, 9.2, and 11.8 Hz, CH at position 4a), 2.25-2.40 (m, 2H), 1.78-1.95 (m, 2H). 
 
 (4S*,4aS*,7aS*)-2,2-dimethyl-4-phenyl-4,4a,7,7a-
tetrahydrocyclopenta[d][1,3]dioxine (3.73).  
A solution of 3.46 (34 mg, 0.18 mmol) in toluene (2.5 mL) was treated with 2,2-
dimethoxypropane (1.1 mL, 9.0 mmol) and with PPTS (10 mg). After 5h at rt the 
reaction was diluted with Et2O and washed with saturated aqueous NaHCO3. Evaporation of the 
dried (MgSO4) organic solvent afforded a crude oil  which was directly analyzed by 1H NMR. 
Representative signals for 3.73: 1H NMR (250 MHz, CDCl3) δ 5.70-5.78 (m, 1H), 5.18-5.25 (m, 
1H), 4.76 (d, 1H, J= 10.5 Hz), 4.03 (ddd, 1H, J=6.7, 9.8, 9.9 Hz). 
 
 (4S*,4aS*,8aS*)-2,2-Dimethyl-4-phenyl-4a,7,8,8a-tetrahydro-4H-
benzo[d][1,3]dioxine (3.74). 
A solution of 3.48 (25 mg, 0.12 mmol) in toluene (1.0 mL) was treated with DMP 
(0.43 mL, 3.5 mmol) and with PPTS (6 mg). After 5h at rt the reaction was diluted 
with Et2O and washed with saturated aqueous NaHCO3. Evaporation of the dried (MgSO4) organic 
solvent afforded a crude oil which was subjected by chromatography on silica gel (hexanes/EtOAc 
7:3) to give compound 3.74 (15 mg, 51%), as an oil. 1H NMR (250 MHz, CDCl3) δ 7.30-7.48 (m, 
5H), 5.55-5.63 (m, 1H), 5.05 (dd, 1H, J=2.0 and 10.0 Hz), 4.52 (d, 1H, J= 10.5 Hz), 3.91 (ddd, 1H, 
J=3.8, 9.0 and 11.7 Hz), 2.20-2.38 (m, 3H), 1.90-2.02 (m, 1H), 1.55-1.78 (m, 1H), 1.61 (s, 3H), 
1.52 (s, 3H). 13C NMR (62.5 MHz, CDCl3) δ 139.4, 128.9, 128.4, 128.1, 127.6, 123.0, 99.9, 71.2, 
46.7, 30.2, 28.2, 25.5, 20.1. 
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Chapter 4 
 
Regioselective Ring Opening of Activated Aziridines with Organoalanes 
 
4.1 Introduction 
 
4.1.1 Ring-opening of aziridines with organometallic reagents 
 
 
 Aziridines, the nitrogen analogues of epoxides, have until recently excited far less interest 
amongst synthetic organic chemists than their oxygenated counterparts, with some justifications. In 
2002 Sweeney summarized the similiarities and differences between oxiranes and their 
nitrogenated analogues, concentrating on the underlying properties of aziridines and recent 
developments of their chemistry.1 As might be expected, due to the diminished electronegativity of 
nitrogen compared to oxygen, ring-opening reactions of these heterocycles were less facile than the 
corresponding reactions of the epoxides, but there were several features of these reactions which 
were worthy of consideration (Scheme 4.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.1 Possible ring-opening reactions of aziridines 
 
Most commons reagents were O-, N-, S- nucleophiles, but also C-nucleophiles, such as Grignard 
reagents, organolithium and cuprate reagents can be used for the formation of new C-C bonds. 
Ring-cleavage reactions of aziridines proceeded by nucleophilic attack at carbon in an analogous 
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manner to similar reactions of epoxides. Where an aziridine was unsymmetrically-substituted, 
reaction with a nucleophile can lead to two products of ring opening. As would be expected, most 
nucleophiles preferentially direct their attack to the site of lesser substitution, though electronic 
considerations may perturb this preference (for istance in the ring-opening of 2-arylaziridines). 
Moreover, it is important to say that epoxides were able to act as Lewis bases directly through their 
non-bonded electron-pairs, meaning that the presence of Lewis acids in reactions enhances the rate 
of ring-opening processes, primarily by weakening the already strained C-O bond. In the case of 
the aziridines, only when there is a non-oxygenated N-substituent can a direct interaction with 
Lewis acids occur, and since a polar activating N-substituent was often required to enable efficient 
ring-opening of aziridines, the reaction of aziridines were less dominated by the use of Lewis acids 
than those of epoxides (Figure 4.1). 
 
 
 
 
 
 
 
 
Figure 4.1 Interaction of aziridines and epoxide with Lewis acids 
 
 Since the mid-1960s aziridines had been classified as “activated” or “non-activated” 
according to whether or not nucleophilic ring-opening reactions proceeded in the absence of 
positive charge at nitrogen and this classification was intimately related to the nature of the 
substituent at the nitrogen atom of the heterocycle. The role of the activating group was often 
neatly filled by oxygenated substituents such as sulfonyl, sulfinyl, phosphoryl, phosphinyl, or 
carbonyl functional groups. In these aziridines, there was little resonance interaction between the N 
lone pair and the X=O bond, due to the large increase in ring-strain which would be associated with 
the amidate-like resonance isomers shown in Scheme 4.2. 
 
 
 
 
Scheme 4.2 Resonance interaction of nitrogen of aziridines with the N-protecting group 
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Aziridines activated by N-sulfonyl substitution are the most widely-employed class in alkylative 
ring-cleavage reactions. The sulfonamido group is suitable for stabilizing negative charge and this 
makes nucleophilic ring-opening of N-sulfonyl aziridines an easy process of general utility. 
Moreover, N-sulfonyl aziridines are relatively easily prepared in a large scale, they are significant 
more stable than the corresponding N-H aziridines and they are frequently highly crystalline 
species. The only significant drawback to the use of such aziridines as synthetic intermediates is the 
recluctance of the sulfonamide bond to undergo cleavage using mild conditions (for tosyl group is 
necessary strongly acidic or reductive conditions). 
 N-Sulfonyl aziridines had been widely reported to undergo a range of alkylative ring-
opening reactions; where other electrophilic substituents were present in the aziridine (as in the 
reaction of carboxyl protected aziridines) issued of regiochemistry can be overcome by judicious 
choice of protection. As witnessed in the reaction of chiral aziridine 4.1a, a mixture of products 
arising both from ring-opening and attack at the carbonyl group were obtained upon reaction with 
nucleophiles by a preventive hydrolysis of the ester, on the contrary the reaction of the aziridine 
carboxylate 4.1b with higher order cuprates afforded only ring-opening products (Scheme 4.3).2 
 
 
 
 
 
 
 
 
Scheme 4.3 First attempts of ring-opening reactions of N-Sulfonyl aziridines 
 
Where unsymmetrical aziridines of similar substitution pattern were used as electrophiles, control 
of regioselectively was somewhat more problematic. The reaction of disubstituted aziridine 1c 
derived from (S)-threonine gave under the same conditions a lower level of regiocontrol. 
 Tanner and Somfai addressed such a situation by using a directing effect of an 
unprotected hydroxyl group in the reaction of an aziridine 4.2 derived from butene-1,4-diol 
(Scheme 4.4). Nucleophilic hydroxyl ring-opening by organocuprates then occurred only at 
aziridine carbon directly adjacent to the directing group.3 
 
 
 
Scheme 4.4 Somfai example of ring-opening of aziridine 4.2 by organocuprates 
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 One of the first work concerning the ring-opening of aziridine by organometallic reagents 
as the nucleophiles was performed by Kozikowski in 1979.4 The N-substituted derivatives of 2-
phenylaziridine were chosen as the substrates for the study, since these compounds would clarify 
the extent to which bond rupture in the transition state was guided by resonance stabilization 
(Figure 4.2). 
 
 
 
 
Figure 4.2 Aziridines used 
 
Preliminary studies revealed that the lithium reagents were generally unsatisfactory, for 
decomposition of the aziridine or displacement of the N-substituent ensued. The N-tosylaziridine 
4.3a was expectedly found to be a more reactive substrate than 4.3b,c. The reaction with 
homocuprates was observed to proceed generally in a good overall yield generally. Of considerable 
interest was the finding that reaction of 4.3a with the newly introduced methylcopper-boron 
trifluoride complex was found to proceed under milder conditions than observed for the 
corresponding lithium homocuprate. The higher Lewis acidity of this reagent presumably assist the 
bond rupture through interaction of the complex with the unshared electron pair of nitrogen. 
The magnesium reagents also reacted with 4.3a,b to afford phenylethylamines, although the yields 
were somewhat lower than obtained for the cuprates; some results are shown in Table 4.1. 
 
Table 4.1 Reaction of aziridines 4.3 with organometallic reagents. 
 
 
 
entry aziridine organometallic reacn conditions product(s) yield (%)a 
1 4.3b (CH3)2CuLi 0 °C/6 h/ Et2O 4.4 98 
2 4.3b (n-Bu)2CuLi 0°C/4 h/ Et2O 4.4+4.5 (3:1) 70 
3 4.3b CH3Cu BF3 -70 °C to rt/1h/Et2O 4.4 95 
4 4.3a CH3Li rt/10 h/THF decompn - 
5 4.3a CH3MgBr (1 eq) 0 °C to rt/6h/THF 4.4+4.5 (3.5:1) 41 
6 4.3a CH3MgBr (4 eq) rt/10h/THF 4.4 46 
7 4.3a (CH3)2CuLi -78 °C/1 h/Et2O 4.4+4.5 (1:2) 70 
a
 Isolated yield after chromatographic purification 
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In all cases examined, the regioselectivity of the ring openings was consistent with a mechanism 
lying somewhere between the purely SN2 and SN1 extremes. Transfer of the alkyl substituent occurs 
to that carbon atom best able to accommodate some carbonium ion character. A pure SN2 
mechanism would, of course, require attack at the less hindered carbon. In addition, it had 
previously been noted that the ratio of reagents used in these ring-cleavage reactions had an 
important effect on the regioselectivity of the opening process. This product dependency factor was 
most strikingly noted when 4.3a was treated with 4 equiv of MeMgBr rather than with 1-1.2 equiv 
of  the reagent. The presence of the excess reagent caused ring opening to become completely 
regiospecific without affecting the isolated yield. The ubiquitos “push-pull” mechanism again 
nicely accommodates this result wherein the excess Grignard reagent, functioning as a Lewis acid, 
now provided a tug on nitrogen and increased the extent of bond rupture in the transition state. The 
increased ionizing power of the solvent did also play an important role (Figure 4.3).  
 
 
 
 
 
Figure 4.3 “Push- pull” mechanism for aziridine 4.3a 
 
 Another examples was performed by Tanner and co-workers concerning the ring-opening 
of C2-symmetric aziridine 4.6 with organometallic reagents as the nucleophiles.5  
The C2-symmetric aziridine 4.6 removed the issue of regiochemistry from any discussion of ring 
opening, and nucleophilic attack on these species was expected to occur with clean inversion, thus 
conserving stereochemical and enantiomeric purity. Finally, the two ester groups and the N-tosyl 
moiety were expected to powerfully activate these aziridines towards nucleophiles. 
The first nucleophile tested was Gilman cuprate (entry 1, Table 4.2), and it was quickly found that 
4.6 and LiMe2Cu reacted extremely rapidly (< 2 min) at -78 °C to furnish 4.7a in good yield. The 
use of the Lipshutz higher-order cyanocuprates was completely unrewarding (entry 2). Sodium 
azide and also magnesium iodide and bromide ring-opened 4.7 under mild conditions in high yield 
(entry  3,4 and 5). 
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Table 4.2 Screening of reaction conditions for ring opening of aziridine 4.6a 
 
 
 
 
 
 
 
 
 
 
                             
                           
a
 Isolated yield after chromatographic purification 
 
 Another interesting work was performed in 1997 by Bergmeier and Seth. They 
considered the aziridine of type 4.8 and examined the reactivity of this compound with a variety of 
organometallic reagents.6 They were not certain where nucleophilic attack could occur with an 
aziridine such as 4.8a, and a variety of products were possible. If nucleophilic attack took place at 
the tosyl ester, (S)-4.8b would be the result (Scheme 4.5). 
 
 
 
 
 
 
Scheme 4.5 Possible attacks of the nucleophile on aziridine 4.8a 
 
The authors investigated the reaction of aziridine 4.8d with cuprate reagents as shown in Scheme 
4.6. 
 
 
 
 
 
 
Scheme 4.6 Ring-opening with cuprate reagents 
 
entry nucleophile solvent temp product R yield(%)a 
1 LiMe2Cu (2eq) Et2O -78°C 4.7a Me 68 
2 Li2Bu2CuCN Et2O -78°C - - - 
3 NaN3 (2 eq) DMF rt 4.7b N3 81 
4 MgI2 (3 eq) THF 0°C 4.7c I 72 
5 MgBr2 (3 eq) THF 0°C 4.7d Br 76 
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The reaction with n-Bu2CuLi gave only a single product 4.9a in good yield. As 4.9a could had 
either S or R configuration, or a mixture of the two stereoisomers the absolute configuration needed 
to be determined. In order to unambiguously assign the absolute configuration, aziridine 4.9a, with 
the R configuration was prepared by an alternative route (Scheme 4.7). In this way, the product 
obtained was identical with respect to optical rotation with 4.9a prepared in a single step. 
 
 
 
 
 
 
 
 
 
 
Scheme 4.7 Synthesis aziridine 4.9a via Mitsunobu reaction. 
 
After having found that the reaction of 4.8d with cuprate would provided aziridines 4.9 via ring-
opening-ring-closing sequence, the authors turned their attention to the use of other organometallic 
reagents; neither n-BuLi and n-BuMgBr provided any amount of the desired products and only 
decomposition was observed. On the other hand, the cuprates derived from commercially available 
methyllithium, hexyllithium and [(trimethylsilyl)methyl]lithium gave acceptable yields of the 
corresponding aziridine 4.9a-e. 
 In the same years, Tanner analyzed the regioselectivity of nucleophilic ring opening of 
some 3,4-aziridino alcohols 4.10a-c.7 The nucleophiles chosen were complex hydrides, such as 
LiAlH4, Red-Al and DIBAL, and Lipshutz- or Gilman-type organocuprate reagents. The C-4 
substituent in the substrates was varied in order to study steric and electronic effects on the ring 
opening reactions (Scheme 4.8). 
 
 
 
 
 
 
 
Scheme 4.8 Proposed routes to 1,3-amino or 1,4-amino alcohols. 
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For alkyl substituents at C-4, most of the results could be explained on the basis of intramolecular 
delivery of the nucleophile to C-3 via a six-membered transition state, leading to 1,4-amino alcohol 
derivatives 4.11 with high selectivities up to 95:5. On the other hand, the activating effect of a 
phenyl group at C-4 led to a switch of the regiochemistry with the formation of 1,3-amino alcohols 
derivatives 4.12 as the major product. 
 An interesting work was achieved by Müller and Nury in 1999 concerning the 
desymmetrization of meso-aziridine, such as 4.13, using a copper-catalyzed reaction protocol. This 
represents the first example of asymmetric ring-opening of aziridines with organometallic reagents 
(Scheme 4.9). 
  
 
 
 
Scheme 4.9 Ring opening of meso N-tosyl aziridine 4.13 
 
Exploratory experiments revealed only limited reactivity toward Lewis acid-catalyzed ring 
openings. Tipically, reaction of 4.13 with NaN3 went to completion in refluxing acetronitrile within 
24 h and afforded the trans-azido derivative 4.14a in 85% yield. 
Aziridine 4.13 reacted when exposed to MeMgBr in THF (0 °C, 6h), but the resulting product was 
not the expected trans-methyl-N-p-toluenesulfonylcyclohexanamine 4.14b, but the trans-2-bromo 
derivative 4.14c, which was isolated in 91% yield (Scheme 4.9). However, when the reaction was 
carried out in the presence of 10 mol% of [Cu(acac)2], ring opening occurred readily (0 °C, 1h) and 
4.14b was formed in 85% yield. Next, a series of known Cu-chiral catalysts was tested in this 
process; in general, the yields for aziridine opening varied in the range of 60-89% and competing 
halide attack on 4.13 was the principal cause for low yields of 4.14b. The authors found as no 
clear-cut relationship between catalyst structure and catalyst efficiency: the highest 
enantioselectivity resulted with the BINOL-derived phosphoroamidites and with the Schiff base 
complexes which were obtained upon condensation of salicyladehyde with amino acids (up to 91% 
ee). Differences were found using different methylmagnesium reagent: for example MeMgCl was 
the least efficient Grignard reagent, MeMgBr was superior to MeMgI in THF, but was less efficient 
in Et2O. 
 Another interesting work was performed by our research group in 2003 concerning the 
reaction of some organocopper reagents with cyclic 2-alkenyl aziridines (Scheme 4.10).8 
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Scheme 4.10 Addition of organocopper reagent to racemic vinyl aziridine 4.15 
 
Reaction of racemic N-Cbz-protected aziridine 4.15 with Me2CuLi in anhydrous Et2O was not 
SN2’-regioselective, as found for aliphatic N-diphenylphosphinyl vinyl aziridine, seeing that it 
afforded a relatively complex mixture in which compound 4.18a (α-adduct) represented the major 
alkylation product (Scheme 4.10). Interestingly, the addition of Et2Zn (1.5 eq) in the presence of 
Cu(OTf)2 (0.03 eq) occurred smoothly (>95% conversion), and afforded an equimolar mixture of 
the cis,trans-allylic amines 4.16b and 4.17b. The obtainment of substantial amounts of syn-addition 
products was in sharp contrast with the reactivity shown from the vinyl epoxide corresponding to 
aziridine 4.15, where an uniformly high anti-stereoselectivity was found with organocopper 
reagents.9 Commonly, a copper-catalyzed allylic alkylation of vinyl aziridines occurs in an anti 
fashion, but a syn-stereoselective process has been found in copper allylic substitution reactions 
with a coordinating leaving group reagent. It was therefore likely also in the present case that a 
complexation of the copper with the nitrogen atom of the vinyl aziridine might occur (see A in 
Figure 4.4) 
 
 
 
 
 
 
 
Figure 4.4 Rationalization of the syn-stereoselective SN2’-process in vinyl aziridine  
 
In Figure 4.4, the pseudo-axial addition of the organometallic reagents probably gives a σ-allyl 
copper(III) complex (B) and the subsequent reductive elimination affords the cis-adduct of type 
4.17. The syn-stereoselective pathway could be drastically suppressed through the use of an 
external (chiral) ligand for copper. For example the use of catalytic amounts of chiral copper 
complexes with racemic (R,S,S)(S,R,R)-L1 as the catalyst for the addition of Et2Zn to 4.15 gave a 
95:5 anti/syn stereoselectivity. 
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Figure 4.5 Phosphoramidites used as ligands for copper(II) 
 
A higher enantioselectivity (78% ee), albeit associated with a lower value of conversion, was 
observed by the use of chiral ligand L2. The use of chiral ligand L3, possessing a non C-2 
symmetric amine moiety, afforded 4.16b with an excellent diastereoselectivity and a moderate 
enantioselectivity (52% ee). The authors examined also the new 2-alkenyl aziridine 4.19, bearing 
an exo-methylidene unit in the allylic position with respect to the aziridine ring, that was obtained 
from the corresponding vinyl epoxide via azidolysis and subsequent ring-closure. Aziridine 4.19 
turned out to be less reactive under reaction conditions previously used in the case of aziridine 4.15 
(Scheme 4.11). 
 
 
 
 
 
 
 
Scheme 4.11 Addition of Et2Zn to exo-methylidene aziridine 4.19 
 
However, it was possible to obtain the corresponding γ-addition product 4.20 with a 52% ee 
together with a minor amount (14%) of α-adduct 4.21. 
 In 2004, Chang and co-workers reported an interesting chelation-strategy for the ring 
opening of aziridines of type 4.22. They developed an efficient copper-catalyzed aziridination with 
the use PhI(OAc)2 to give 4.22a and 5-methyl-2-pyridinesulfonamide 4.22b: the reaction proceeded 
smoothly under mild conditions to give aziridines 4.22a,b in moderate yields in the absence of 
external ligands or bases.10 The subsequent ring opening of 4.22b with methyl cuprate gave a 
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completely reversed regioselectivity with respect to corresponding result obtained with N-tosyl 
protected aziridine 4.22a (Scheme 4.12). 
 
 
 
 
 
Scheme 4.12 Regioselective ring opening of aziridines 22a,b 
 
The preferential ring opening at C-2 for 4.22b could be attributed to a pre-coordination of cuprate 
complex to the pyridyl nitrogen atom followed by the transfer of a methyl group into more 
electrophilic benzylic position via intramolecular manner to afford ring opening product 4.23b 
(Scheme 4.13). 
 
 
 
 
 
Scheme 4.13 Pre-coordination of cuprate complex to nitrogen atom of aziridine 4.22b 
 
 An interesting elaboration of aziridine was performed by Hou in 2004 who described the 
alkynylation of activated aziridines of type 4.25 in the presence of a catalytic amount of CuOTf. 
(Scheme 4.14).11 
 
 
 
 
 
 
 
 
Scheme 4.14 Ring-opening reaction of aziridine with alkynes 
 
The reaction were carried out with different Lewis acid in order to verify the best reaction 
conditions. After a large screening, it was found that CuOTf was the best catalyst among the tested 
Lewis acids [Sc(OTf)3, BF3.OEt2, In(OTf)3, Cu(OTf)2, AgOAc and CuClO4] and the corresponding 
addition products 4.26 and 4.27 were obtained with high yield. Also the amount of n-BuLi was 
important and two equivalents of BuLi turned out to be necessary for the reaction to occur. Various 
aziridines with an electro-withdrawing group at nitrogen atom and several alkynes were suitable for 
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this CuOTf-catalyzed reaction to afford the corresponding ring-opening products in good to 
excellent yields. The reactivity of aziridines derived from cycloalkenes was lower than that from 
acyclic alkenes but good to excellent yields could be obtained with longer reaction time (up to 
96%). Aromatic alkynes showed had higher reactivity than aliphatic ones. All the reactions with 
bicyclic aziridines gave corresponding anti addition products, as confirmed by NMR analysis. 
 The same research group in 2005 reported a simple, convenient and efficient alkynylation 
of aziridines 4.25 using acetylene and phenyl acetylene in the presence of bases.12 Considering the 
acidity of the terminal alkynes, the authors examined the effect of a variety of bases in DMSO and 
found that the type of the base had a crucial influence on the yield of the corresponding anti 
addition products anti-4.26 and on the reaction time (Scheme 4.15). 
 
 
 
 
 
 
 
Scheme 4.15 Ring-opening of aziridine with phenylacetylene 
 
The yield increased when basicity was enhanced from Cs2CO3, NaOH, KOH to NaH (up to a 71%). 
Sodium hydride was superior as regard yields when aziridines derived from cyclic alkenes were 
used. As previously observed, the reaction was completely anti-stereoselective and highly 
regioselective towards that addition product deriving by nucleophilic attack on the terminal 
aziridine carbon. This work represents one of the first examples of ring-opening reaction of 
aziridine with acetylenes as the nucleophile to give homopropargylamines 4.26. A subsequent 
treatment with I2 and AgOAc afforded dihydropyrroles 4.28 in one-pot reaction.12 
 
 
 
 
 
 
 
 
Scheme 4.16 One-pot synthesis of dihydropyrroles 4.28 from homopropargylamines 4.26 
 
 Another interesting work was realized by Padwa using a copper-catalyzed ring-opening 
reaction of aziridines 4.9a and 4.13 in combination with acetylides; the best results are shown in 
Scheme 4.17.13 
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Scheme 4.17 Copper-catalyzed ring-opening reactions of aziridine 9a and 13 with acetylides 
 
 
 
4.1.2 Organoaluminium reagents 
 
 
 Organoaluminium compounds are the chepeast organometallic compounds and, for this 
reason, they are gradually replacing other organometallic derivatives as more economical reducing 
and alkylating agents. The characteristic properties of aluminium reagents derive mainly from the 
high Lewis acidity of organoaluminium monomers, which is directly related to the tendency of the 
aluminium atom to complete electron octets. Bonds of aluminium with electronegative atoms such 
as oxygen or halogens, were extremely strong (the energy of Al-O bond was extimated to be 138 
Kcal mol-1). Because of this strong bond, nearly all organoaluminium compounds were particularly 
reactive with oxygen and often ignite spontaneously in air. These property, commonly identified as 
“oxygenophilicity”, are of great value in the designing of selective synthetic reactions.  
The strong Lewis acidity of organoaluminium compounds accounts for their tendency to form 1:1 
complexes, even with neutral bases such as ethers. In contrast to lithium and magnesium 
derivatives, ether and related solvents may even retard the reactivity of organoaluminium 
compounds. The major difference between organoaluminium compounds and other more common 
Lewis acids, such as aluminium chloride and bromide, is attributable to the structural flexibility of 
organoaluminium reagents. Thus, the structure of an aluminium reagent can be easily modified by 
changing one or two of its ligands. 
 Most of the trivalent organoaluminium promoted reactions are initiated by coordination 
of the substrate to the aluminium atom. For example, when cyclohexanone 4.29 was treated with 
trimethylaluminium, the carbonyl oxygen was first coordinated with aluminium atom (4.30, 
Scheme 4.18). If the reaction was performed in ether or tetrahydrofuran, axial alcohol 4.31 was 
produced through a four-centered transition state. A similar complex was generated in hydrocarbon 
solvents with a 1:1 ratio of the carbonyl compound and aluminium reagent. However, if the ratio 
was changed to 1:2, the reaction proceeded through the six-membered transition state 4.32 as 
depicted in Scheme 4.18 to yield equatorial alcohol as the major product. This example provided a 
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typical illustration of the solvent effect on an aluminium reagent-promoted reaction. In ethereal 
solution, the oxygen atom of the solvent molecules strongly coordinates with the aluminium atom 
and the self-association of aluminium reagent became much weaker. The resulting 
dimethylaluminium alkoxide formed a stable dimer and the rate of methylation decreased 
significantly. 
 
 
 
 
 
 
 
 
Scheme 4.18 Coordination of the substrate to the aluminium atom 
 
With hydrocarbon solvents, coordination of the solvent to the aluminium atom is minimal. Thus, in 
these solvent systems, self-association of the aluminium atoms is more significant. As an example, 
the association of trimethylaluminium in toluene at various temperature was considered. At -55 °C, 
the ratio between bridged methyl and terminal methyl was found to be 1:2, so that most of the 
trimethylaluminium would have the dimeric structure (Figure 4.6). By increasing the temperature, 
one of the trimethylaluminium methyl groups was rapidly exchanged, randomizing the NMR 
signals of the two types of methyl groups. At low temperature, the vacant organoaluminium atom 
orbital might therefore be occupied by the methyl group of other molecules and be unavailable for 
reaction. At higher temperature, however, the existence of monomeric trimethylaluminium could be 
expected. The product distribution reflected these general features of aluminium reagents.14 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Dimeric structure of AlMe3 
 
Organoaluminium reagents are highly reactive compounds and those with alkyl groups containing 
four or less carbon atoms are usually pyrophoric (i.e. they ignited spontaneously in air at ambient 
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temperature). All aluminium alkyl compounds reacts violently with water. Increasing the molecular 
weight by increasing the numer of carbons in the alkyl groups, or by substituting halogens for these 
groups, generally reduce pyrophoric reactivity. 
 Another interesting peculiarity is that organoaluminium reagents can be seen as an acid-
base complex system. For example, an epoxide is isomerized to afford an allylic alcohols under 
basic conditions. With a strong base, one of the protons adjacent to the epoxide can be removed, 
resulting in a high yield of the corresponding allylic alcohol. If several protons can be removed, a 
complex reaction mixture is obtained. 
 For an effective rearrangement process, the reagents require two reaction sites, a Lewis 
acid site to coordinate oxygen of the epoxide and a Lewis base site to remove the proton from the 
system. Organoaluminium amide is the reagent of choice for this purpose. With the aluminium 
atom strongly coordinated to the oxygen, forming an “ate complex”, a lone pair of nitrogen 
electrons become essential for removal of the proton, and a well defined transition state results. 
With such a rigid transition structure, a highly regioselective deprotonation proceeded (Figure 4.7). 
 
 
 
 
 
 
Figure 4.7 “Ate complex”formed by organoaluminium reagent 
 
 Aluminium organyls show a number of attractive features. Plain trialkylalanes AlR3, with 
R= Me, Et, n-Pr, n-Bu, i-Bu, are commercially available at low prices since they are produced on 
industrial scale. More specialized reagent can be easily be obtained by a number of methods, 
including deprotonation of terminal alkynes for the synthesis of alkynyl alanes or transmetallation 
of the corresponding aluminium chlorides with lithium and magnesium organyls. 
An organoaluminium compound is sometimes the reagent of choice for the introduction of the 
alkynyl group in the substrate. In fact, the alkynyl aluminium reagent can be readily prepared from 
the corresponding lithium or magnesium compound. When the reactivities of these 
alkynylaluminium reagents are compared with those of the corresponding organocopper reagents, 
the reactivity trend for the ligands is found to be completely different. When attached to copper, the 
alkynyl ligand is stabilized by interaction with the copper d orbital and cannot be transferred easily. 
Such stabilization does not occur with the corresponding aluminium reagents and the less basic 
alkynyl ligand is preferentially transferred (Scheme 4.19).15 
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Scheme 4.19 Comparison of reactivity of alkynyl cuprate and corresponding aluminium 
compounds 
 
The synthesis of higher alanes through insertion of unsaturated carbon-carbon bonds into 
aluminium-hydrogen bonds (hydroalumination) or aluminium-carbon bonds (carboalumination) is 
especially attractive. Thus, reaction of diisobutylaluminium hydride (DIBAL-H) with terminal 
alkynes usually occurs with high cis-selectivity, furnishing (E)-alkenylalanes.16 In addition, the 
carboalumination of alkynes by zirconocene-assisted addition of trimethylaluminium has proven its 
high utility in numerous synthetic applications. 
 The preparation of polyfunctional organometallics is important in organic synthesis as 
these reagents are very popular nucleophiles. The preparation of functionalized aluminium reagents 
by direct insertion of aluminium powder is in general not possible. Such a reaction would be of 
special importance owing to the low price of aluminium compared with magnesium (it is half the 
price), the low toxicity of this metal and the chemoselectivity of the resultant organoaluminium 
reagents.  Very recently, Knochel and his research group found that by adding catalytic amounts of 
selected metallic chlorides (TiCl4, BiCl3, InCl3 or PbCl2) in the presence of LiCl, aluminium 
powder inserts into various unsaturated iodides and bromides under mild conditions. These new 
organoaluminium reagents undergo smooth Pd-catalyzed cross-coupling and acylation reactions, as 
well as copper-catalyzed allylic substitutions, affording various interesting products for 
pharmaceutical and for new materials (Scheme 4.20).17 
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Scheme 4.20 Preparation of functionalized aluminium reagents by direct insertion of substituents 
on aluminium powder 
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4.2 Results and discussion 
 
4.2.1 Synthesis of aziridines 
 
 
 The ring-opening of aziridines with carbon nucleophiles represents a useful entry to 
substituted amines. Several organometallic reagents have been used for this purpose, with the 
notable exception of organoaluminium reagents. For example, as described in the Introduction, 
organocuprates are particularly well suited for the ring-opening of N-tosyl phenylaziridine, albeit 
with modest regioselectivity, and with predominant attack at the less-hindered position. More 
recently, a completely reversed regioselectivity (1:5), favouring the benzylic position was obtained 
with Me2CuLi in the ring-opening of 2-pyridinesulfonamide-protected phenylaziridine, due to the 
chelating properties of the protecting group.10 It should be noted that aziridine ring-cleavage with 
metal acetylides to form homopropargylic amines had scarcely been described, in spite on of the 
potential further functionalizations of the triple bond. Furthermore, when N-tosyl phenylaziridine 
was used, a regioisomeric mixture, with predominat attack of the potassium or lithium acetylide at 
less-hindered position, was obtained. 
 We achieved a novel method for the ring-opening of aryl and vinyl aziridines with alkyl, 
alkenyl and alkynyl organoaluminium reagents to give the corresponding substituted amines with 
modest to complete regioselectivity. We focused our attention in particular on aziridines of type 
4.34 which were prepared using different reaction protocols (Figure 4.8). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Aziridines used in the ring opening reactions 
 
Aziridines 4.34a,b,c were obtained starting from commercially avalaible styrene oxide 4.35 via 
azidolysis and subsequent PPh3-mediated closure of the corresponding azidoalcohols 4.36.The 
obtained aziridines 4.36 was appropriately N-protected as shown (Scheme 4.21). 
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Scheme 4.21 Synthesis of N-protected aziridines 4.34a-c 
 
It was possible to obtain the corresponding optically active styrenyl N-protected aziridines starting 
from commercially avalaible (R)-(+)-styrene oxide. 
The protected aziridines 4.34d,e were synthesized starting from ethanolamine, as shown in Scheme 
4.22. 
 
 
 
 
 
 
 
 
 
 
Scheme 4.22 Synthesis of aziridines 4.34d,e 
 
For the synthesis of vinyl aziridines 4.34f,g,j we used the procedure which make use of N-tosyl 
phenyl iodinane as the reagent and the corresponding conjugate diene (Scheme 4.23). The desired 
aziridines were obtained in a quantitative yield; in the case of aziridine 4.34j a 87:13 mixture of 
regioisomeric product was obtained. 
 
 
 
 
 
 
 
Scheme 4.23 Synthesis of aziridines 4.34f,g,j 
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For the synthesis of vinyl aziridine 4.34h we used a different procedure performed by Stockman 
and based on the reaction of imine 4.37 with the sulfur ylide derived from S-allyl 
tetrahydrothiophenium bromide (Scheme 4.24).18 In this way, aziridine 4.34h was obtained in 70% 
yield as a  68:32 cis/trans mixture. 
 
 
 
 
Scheme 4.24 Synthesis of aziridine 4.34h 
 
 
4.2.2 Ring opening reaction of aryl aziridines 
 
 
 In the preliminary experiments, we found that the reaction of a variety of N-protected-2-
phenyl aziridines, such as 4.34a,b with AlMe3 under different reaction conditions gave only trace 
amounts of alkylated products with a very low conversion (< 10%) even with a prolonged reaction 
times. Finally, we found that the reaction between phenyl aziridine 4.34a and AlMe3 was solvent-
dependent. A very low conversion occurred when the reactions were carried out in THF and Et2O, 
but when CH2Cl2 or toluene were used, complete conversion was obtained in 1h at 0 °C. In both 
cases, the ring-opening occurred via a completely selective attack of the methyl fragment at the 
benzylic position of the aziridine with the formation of methyl derivative 4.38a (Scheme 4.25 and 
Table 4.3) 
 
 
 
Scheme 4.25 Ring-opening of phenyl aziridine 4.34a by AlMe3 
 
The use of Et3Al afforded the corresponding ring opening adduct in good isolated yield albeit with 
reduced regioselectivity (entry 2, Table 4.3). When these reactions were carried out on 
enantiomerically pure aziridine (R)-4.34a (>98% ee), the corresponding addition products 4.38a 
and 4.39a were obtained with a low enantioselectivity (14% ee). The use of N-Cbz-protected 
phenylaziridine 4.34b in the same reaction with AlMe3 was less effective and the corresponding 
adduct 4.38b was obtained in moderate yield (entry 3). Also in this case, when enantiomerically 
pure (R)-4.34b was used, extensive racemization (25% ee) was observed. 
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Table 4.3 Ring-opening of phenyl aziridines with alanesa 
 
aAll the reaction were carried out in CH2Cl2 for 1h at 0 °C. 
bRegioselectivity determined by 1H NMR examination of the crude mixture 
cIsolated yield of pure product after chromatographic purification on silica gel 
 
The high extent of racemization, together with the selective attack at the benzylic position, pointed 
to a ring opening process under electronic control. Probably, the high affinity of aluminium to 
oxygen allowed the coordination of AlR3 to the oxygen lone-pairs of the N-protecting group, thus 
creating a more reactive “ate complex”, which delivers the methyl fragment intramolecularly onto 
the benzylic carbenium ion, with a substantial loss of stereochemical integrity of the starting 
aziridine (57% inversion, 43% retention, as determined by HPLC on chiral stationary phase) 
(Figure 4.9). 
 
 
 
 
Figure 4.9 A plausible rationalization for the ring-opening of N-tosyl phenylaziridine 4.34a 
 
Then, we tested the ring-opening reaction of phenyl aziridines using sp2 and sp organoaluminium 
reagents. 
 
 
 
 
 
 
 
 
Scheme 4.26 Preparation of sp2 and sp organoaluminium reagents 
entry aziridine AlR3 regioselectivityb product (yield %)c ee (%) 
 
1 
 
(R)-4.34a 
 
AlMe3 
 
>95/<5 
 4.38a (92) 
 
14 
 
2 
4.34a or 
(R)-4.34a 
 
AlEt3 
 
88/12 
 4.39a (70) 
 
14 
 
3 
4.34b or 
(R)-4.34b 
 
AlMe3 
 
>95/<5 Ph NHCbz
Me
 4.38b (58) 
 
25 
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Alkenyl- (4.40) and alkynylaluminium (4.41) reagents, which can be prepared from the 
corresponding terminal alkynes as shown in the Scheme 4.26, have found widespread use in 
organic synthesis. Very interestingly, we observed an increased reactivity of these reagents as the 
reaction with N-protected aziridines 4.34d and 4.34e occurred at 0 °C in CH2Cl2, to give good 
yields of homopropargylamines 4.42d,e (entries 1 and 2, Table 4.4). It should be noted that the 
reaction of AlMe3 with the same aziridines afforded only trace amounts of alkylated products.19  
 
Table 4.4 Alkynylation of N-protected aziridines 4.34d,e 
 
 
 
entry aziridine reagent product yield(%)a 
1 4.34d 
 
 4.42d 
80 
2 4.34e 
 
 4.42e 
70 
3 4.34d 
 
 4.43d 
66 
4 4.34e 
 Ph
NHCbz
 4.43e 
60 
aIsolated yield of pure product after chromatographic purification on silica gel 
 
We achieved the ring-opening reaction also with an organoaluminium reagent derived from 
phenylacetylene; in this way we obtained opening products 4.43d,e, albeit with a reduction of yield 
(entries 3 and 4). Althought it was not a normal procedure to carry out an alkyne deprotonation in 
CH2Cl2, the use of this solvent in this reaction was mandatory to obtain high yield of alkynylated 
products. No evidence of competing CH2Cl2 deprotonation was observed. 
Subsequently we examined the reactivity of phenylaziridines 4.34a and 4.34b in the reaction with 
sp2 and sp organoaluminium reagents (Table 4.5). With the exclusion of the reaction of the 
organoalane derived from heptyne (entry 2), all the reactions gave complete conversion in 1 hour at 
0 °C or at room temperature after the addition of dimethyl(alkynyl)alane or diisobutylorganoalane 
species. 
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Table 4.5 Ring-opening of phenylaziridines 4.34a,b with organoalanes 
 
 
 
 
entry aziridine organoalane regioselectivity product yield (%)a 
1 4.34a 
 
>95/<5 
 4.43a (85) 
2 4.34a 
 
>95/<5 
 4.44a (70) 
3 4.34a 
 
>95/<5 
 4.45a (88)  
4 4.34b 
 
>95/<5 
 4.43b (60) 
5 4.34a 
 
>95/<5 
 4.46a (85)b 
6 4.34a 
 
>95/<5 
 4.47a (60)b 
a
 Isolated yield of pure product after chromatographic purification on silica gel 
b
 The product was recovered contaminated (ca. 10%) with the corresponding alkynylated compound 
 
In this way it was possible to achieve the introduction of alkenyl and alkynyl substituents at the 
benzylic position of the phenylaziridine with the formation of the corresponding β-phenyl-β-
substituted amines 4.43-4.44 in high yields (Table 4.5). 
We also considered the phenylaziridine 4.34c bearing a diphenil phosphino protecting group on the 
aziridine nitrogen, which was previously found to be less reactive than aziridine 4.34a,b. We 
examined the corresponding ring-opening reaction by using organoalane derived from 
phenylacetylene 4.41; also in this case we observed the formation of 4.43c, deriving from a 
nucleophilic attack on the benzylic position of the aziridine, as the only ring opening product 
(Scheme 4.27).  
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Scheme 4.27 Ring-opening of aziridine 4.34c with organoalane 4.41 
 
In this way the ring opening product 4.43c was obtained in only 1 hour with a moderate isolated 
yield after chromatographic purification on silica gel (60% yield). 
 
 
4.2.3 Ring-opening reaction of vinyl aziridines 
 
 The ring-opening reaction of vinyl N-tosyl aziridines 4.34f,g deriving from 
cyclopentadiene or cyclohexadiene, respectively, were examined. These aziridines systems are very 
interesting because they present an aziridine allylic carbon, which is substantially similar to the 
benzylic position of phenylaziridines 4.34a-c, able to give a stable carbocation. The reaction of 
vinyl aziridines with organometallic reagents had often been promoted by copper salts and this 
usually resulted in selective anti-SN2’ reaction.20 Also in this case we experimented various 
organoaluminium reagents in the ring opening process of 4.34f,g. The uncatalyzed addition of 
AlMe3 (2.0 eq) to the N-tosyl aziridine 21g proceeded with full conversion in 1 hour at 0 °C and 
with a good regioselectivity consisting a 93/7 mixture of 1,2-addition product 4.48 (as the major 
product), deriving from a  SN2 process, and a 1,4-addition product 4.49 (minor addition product). 
The 1,2-addition product consisted of a mixture of diasteroisomers, the cis-4.48 and the trans-4.48a 
in a 60:40 ratio, respectively, which were not separable by chromatographic purification (Scheme 
4.28). The same reaction carried out on the five-membered analogue 4.34f gave a similar 
regioselective result (SN2/SN2’= 91/9), but in this case the 1,2 addition product, formed by a  SN2 
process, consisted mostly of compound cis-4.50, whereas the diasteroisomeric trans-4.50 was 
present only in traces (cis-4.50:trans-4.50 = 92:8). In this case  it was possible to isolate the cis-
4.50 adduct by preparative TLC, with a complessively good regio- and stereoselectivity and fair 
isolated yield (62%).  
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Scheme 4.28 Ring-opening product from vinyl aziridines 4.34f,g 
 
The relatively configuration of adduct cis-4.50 was determined by 1H NMR examination and 
confirmed by comparison with the literature data for the corresponding trans adduct trans-4.50.21 
The cis 1,2-opening of the aziridine ring is a mode of reaction rarely observed with alkyl 
carbanions, and can be explained via coordination of the organoalane to the aziridine N-protecting 
group followed by intramolecular transfer of the R group from the same side, as previously shown 
in Figure 4.9. 
 In order to improve the regio- and stereoselectivity of this opening process, we repeated 
the reaction with AlMe3 using a catalytic system formed by combination of Cu(OTf)2 and 
phosphoramidite L1 (R,R,R) as the ligand in CH2Cl2. Under this condition, aziridine 4.34f afforded 
compound cis-4.50 as the main reaction product, even if 1H NMR analysis of the crude reaction 
product showed an increase of the 1,4-adduct 4.51, deriving from a SN2’ process (SN2/SN2’= 75/25 
for catalyzed reaction, SN2/SN2’= 91/9 for uncatalyzed reaction respectively). 
The same reaction carried out on six-membered aziridine 4.34g gave a result markedly different 
from that previously obtained in the corresponding uncatalyzed reaction. In fact, 1H NMR 
examination of crude reaction product showed the presence of anti-1,4 addition product (compound 
trans-4.49) as the main reaction product, deriving from an SN2’ attack promoted by the copper salt 
(Scheme 4.29). 
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Scheme 4.29 Copper-catalyzed ring opening reaction of vinyl aziridine 4.34f,g  
 
 Then the regio- and stereoselective behaviour of vinyl aziridines 4.34f,g was examined in 
the reaction prepared in situ alkynyl alanes. Interestingly,  we observed that the alkynyl group of 
the reagent had a significant influence on the regio- and stereoselectivity of the ring-opening 
depending on the substrate used. In fact, the reaction of the alkynyl alane derived from 
phenylacetylene with the cyclohexene-derived aziridine 4.34g proceeded with high SN2 
regioselectivity; but, unfortunately the 1,2-addition pathway was not completely stereoselective (ca 
9:1 trans/cis). The major reaction product, the trans-homopropargyl amine 4.52 (1,2 addition 
product) could be isolated in a pure state by chromatographic purification (Scheme 4.30). To our 
surprise, the reaction with the five-membered analogue 4.34f exhibited unusual cis-SN2’ regio- and 
stereoselectivity with the formation of a consisted amount of compound cis-4.53. The 1,4-cis 
relationship of the substituents in cis-4.53 was assigned on the basis of the large chemical shift 
difference (0.91 ppm) between the two ring methylene protons and by their characteristic coupling 
patterns.22  
 
 
 
 
 
 
 
 
Scheme 4.30 Ring-opening of cyclic vinyl aziridines 4.34g,f with alkynyl alanes 
 
The unusual cis-SN2’ regio- and stereoselectivity observed in this case which might be associated to 
the increased “soft” character of the alkynyl alane reagent with respect to the previously used 
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AlMe3 which is more “hard”. So, as tentatively shown in Figure 4.10,  in aziridine 4.34f deriving 
from the cyclopentadiene system, the alkyne nucleophile attacks the double bond through a SN2’ 
process because it is a “soft” nucleophile (as shown in A). On the other hand, AlMe3 is 
characterized by a strong complexation with the tosyl group of aziridine, which breaks the aziridine 
allyl C-N bond, thus determining the attack of the methyl group attacks on the corresponding 
carbocation with the formation of the cis-SN2 product (B). The six-membered aziridine had a 
position of his structure that favors only a trans diaxial ring opening process (C).  
 
 
 
 
 
 
 
Figure 4.10 Reasonable transition states in ring opening process with organoalanes 
 
The present regio- and stereoselective outcome nicely complements the recently developed 
synthetic protocol for alkynylated 1,4-trans-disubstituted cyclopentenes by desymmetrization of 
bicyclic hydrazines.23 
 The ring-opening process of aliphatic vinyl aziridine 4.34h,j by alkyl and alkynyl 
organoaluminium reagents was examined, too. In all cases, these two aziridines showed a scarce 
reactivity, and only low isolated yields of addition product were obtained and sometimes the 
conversion were not complete also after 18 h at room temperature. In particular the phenyl vinyl 
aziridine 4.34h reacted slowly with AlMe3 with 90% conversion after 18 hours at room 
temperature. Interestingly, the two regioisomeric products, 4.54 and 4.55, deriving from two 
different attacks of the methyl group were obtained in a 64/36 ratio: in 4.54 (the major product) the 
nucleophile attacked the benzyl aziridine carbon, whereas in 4.55 the nucleophile attacked the allyl 
aziridine carbon. It is important to say that both regioisomers 4.54 and 4.55 consisted of a mixture 
of the corresponding diasteroisomers which turned out to be not separable by any chromatographic 
methods (Scheme 4.31).  
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Scheme 4.31 Ring-opening reaction of vinyl aziridine 4.34h,j  with AlMe3 
 
The ring opening process N-tosyl aziridine 4.34j needed 4 equivalent of AlMe3, and after 18 hours 
it was possible to obtain the adduct 4.56 with a 58% isolated yield after chromatographic 
purification.  
 The reaction on aziridine 4.34h with alkynyl alanes derived from phenylacetylene was 
carried out at room temperature for 18 hours and turned out to be completely regioselective with 
the exclusive formation of product 4.57 in 70% conversion and with 35% isolated yield, deriving 
from nucleophilic attack on the terminal carbon of the double bond in a typical SN2’ process. On 
the other hand the same reaction carried out on aziridine 4.34j afforded the only addition product 
4.58 in only 1 hour at 0 °C, deriving from a completely regioselective attack on the allylic position 
in a typical SN2 process. Compound 4.58 was isolated and obtained pure in 40% yield (Scheme 
4.32). 
 
 
 
 
 
 
 
 
 
Scheme 4.32 Ring-opening of aziridine 4.34h,j  with alkynyl alanes 
 
As described above, the aliphatic vinyl aziridines 21h and 21j had a particular reactivity, 
sometimes similar to cyclic vinyl aziridines, sometimes to phenyl aziridines. 
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As shown in Figure 4.11, it was possible to observe a competition between the benzylic position 
and the allylic position when alkyl aluminium reagents. On the other hand, when alkynyl 
organoalanes are used, a SN2’ attack on the double bond is observed: this behavior is similar to that 
found in cyclic vinyl aziridine 4.34f.  
 
 
 
 
 
 
Figure 4.11 Reactivity of aliphatic aziridines 4.34h,j 
 
The vinyl aziridine derived from 1,3-pentadiene 4.34j gives nucleophilic attack only at the allylic 
position with both alkyl aluminium and alkynyl organoalanes reagents. This reactivity is similar to 
that found in the cyclic vinyl aziridine 4.34g. No evidence of an SN2’ attack was observed in this 
case, probably as the consequence of the different substitution on the double bond with respect to 
aziridine 4.34h. 
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4.3 Experimental section 
 
General methods and materials. All reactions were conducted in flame-dried glassware with 
magnetic stirring under an atmosphere of argon. Toluene, diethyl ether, THF were distilled from 
sodium/benzophenone ketyl and stored under argon. Dichloromethane was freshly distilled from 
CaH2 under argon. All commercially available products were purchased and used without a further 
purification. 1H NMR spectra were recorded on a Bruker AV400
 
or on a Bruker Avance II 250 
spectrometer. Chemical shifts are reported in ppm downfield from tetramethylsilane with the 
solvent resonance as the internal standard (deuterochloroform: δ 7.26, deuteroacetonitrile: δ 1.96). 
13C NMR spectra were recorded on a Bruker AV400 (100 MHz) or on a Bruker Avance II 250 
spectrometer (62.5 MHz) with complete proton decoupling. Chemical shifts are reported in ppm 
downfield from tetramethylsilane with the solvent resonance as the internal standard 
(deuterochloroform: δ 77.0, deuteroacetonitrile: δ 1.79). Analytical high performance liquid 
chromatography (HPLC) were performed on a Waters 600E equipped with Varian Prostar 325 
detector using a Daicel chiralpak AD-H column with detection at 220 nm and 254 nm. Mass 
spectra were recorded in high resolution mass spec. (HR-MS), on a micromass LCT or VG 
micromass 70E mass spectrometers using electrospray ionization (ESI).  
 
Aziridines used as starting materials. The preparations are described in the section “Results and 
Discussion”. 
 
Typical procedure for alkylation 
AlMe3 (0.5 mmol, 0.25 mL of a 2 M solution in hexanes) was added at 0 °C under an argon 
atmosphere to a solution of racemic or (R)-4.34a (68.3 mg, 0.25 mmol) in dichloromethane (1.0 
mL). The mixture was allowed to react at 0 °C for 1 h and then quenched with 1 M hydrochloric 
acid (2.0 mL). The aqueous phase was extracted with dichloromethane (5.0 mL) and diethyl ether 
(5.0 mL). The combined organic fractions were dried over magnesium sulfate and filtered. 
Evaporation of the organic solution afforded a crude residue which was purified by silica gel 
column chromatography (hexane/EtOAc: 9/1), to give 4-methyl-N-(2-
phenylpropyl)benzenesulfonamide (4.38a) (66.5 mg, 92%). HPLC analysis of the product  was 
performed on a Chiralpak ® AD-H column, flow rate: 0.5 mL/min, mobile phase: 
hexane/isopropanol 95/5, retention times (min): 49.0 (R, minor stereoisomer); 54.1 (S, major 
stereoisomer). 
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Typical procedure for alkenylation (Entry 5, Table 4.5). 
To a solution of DIBAL-H in hexanes (0.6 mmol, 0.6 mL of a 1 M solution in hexanes) was added 
dropwise phenylacetylene (0.6 mmol, 3.0 equiv.). The solution was allowed to react at 55 °C for 3 
h. At this point, the solution was cooled to room temperature and a solution of aziridine 4.34a (54.6 
mg, 0.2 mmol) in dichloromethane (0.6 mL) was added dropwise at 0 °C. The mixture was allowed 
to react at room temperature for 1 h and then quenched with 1 M hydrochloric acid (2.0 mL). The 
aqueous phase was extracted with dichloromethane (5.0 mL) and diethyl ether (5.0 mL). The 
combined organic fractions were dried over magnesium sulfate and filtered. Evaporation of the 
organic solution afforded a crude residue which was purified by silica gel column chromatography 
column chromatography (petroleum ether/EtOAc: 85/15) to give 4.46a (64 mg, 85%), 
(contaminated with 10% of 4.43a), as a white solid. Mp = 119-121 °C. 1H NMR (400 MHz, 
CDCl3): δ= 2.45 (s, 3H, Ar-CH3); 3.22- 3.40 (m, 2H, CH2-NH); 3.55- 3.66 (m, 1H, Ph-CH); 4.48 
(br s, 1H, CH2-NH); 6.29 (dd, J1= 17.7 Hz, J2= 8.6 Hz, 1H, Ph-CH=CH-); 6.53 (d, J= 17.7 Hz, 1H, 
Ph-CH=CH); 7.12- 7.43 (m, 12H, Ar-H); 8.00 (d, J= 9.0 Hz, 2H, Ar-H). 13C NMR (100 MHz, 
CDCl3): δ = 21.6, 48.5, 48.7, 126.3, 127.2, 127.4, 127.7, 127.8, 128.6, 129.0, 129.8, 131.8, 132.3, 
136.6, 137.0, 140.3, 143.5. ESIMS (+) m/z 400.1345 (M+Na). 
 
Typical Procedure for alkynylation 
In a dry Schlenk tube, a solution of BuLi (0.5 mmol, 0.3 mL of a 1.6 M solution in hexanes) was 
added under an argon atmosphere at 0 °C to a solution of phenylacetylene (0.5 mmol) in freshly 
distilled dichloromethane (1.0 mL).  This mixture was allowed to react for 15 min at 0 °C. To this 
solution, dimethylaluminium chloride (0.5 mmol, 0.5 mL of a 1 M solution in hexanes) was then 
added dropwise at 0 °C. The resulting suspension was stirred for 25 min at room temperature and 
added via cannula to a solution of aziridine 4.34a (68.3 mg, 0.25 mmol) in dichloromethane (0.6 
mL) at 0 °C. The mixture was allowed to react for 1 h at 0 °C. Column chromatography (petroleum 
ether/EtOAc: 9/1) afforded N-(2,4-diphenylbut-3-ynyl)-4-methylbenzenesulfonamide (4.43a), 
(80 mg, 85%) as a white solid. Mp = 122-123 °C. 1H NMR (400 MHz, CDCl3): δ  2.45 (s, 3H, Ar-
CH3); 3.26-3.33 (m, 1H, CH2-NH); 3.36- 3.43 (m, 1H, CH2-NH); 4.02 (dd, 1H, J1= 8.0 Hz, J2= 6.4 
Hz, Ph-CH); 4.80- 4.84 (m, 1H, CH2-NH); 7.28- 7.39 (m, 10H, Ar-H); 7.41- 7.48 (m, 2H, Ar-H); 
7.76 (d, 2H, J= 8.0 Hz, Ar-H). 13C NMR (100 MHz, CDCl3) δ 21.5, 39.0, 49.3, 85.1, 87.5, 122.6, 
127.0, 127.7 (2 carbons), 128.3, 128.4, 128.8, 129.7, 131.7, 137.0, 137.7, 143.5. ESIMS (+) m/z 
398.1173 (M+Na). 
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4-Methyl-N-(2-phenylbutyl)benzenesulfonamide (4.39a). (Entry 2, Table 
4.3). 
Following the typical procedure for alkylation described, AlEt3 (0.5 mmol, 
0.26 mL of a solution 1. 9M in toluene) was added dropwise to a solution of aziridine 4.34a (68.3 
mg, 0.25 mmol) in dichloromethane (0.6 mL) at 0°C. The mixture was allowed to react at 0 °C for 
30 minutes. Column chromatography (eluting with hexanez/ethyl acetate= 8:2) afforded compound 
4.39a (53 mg, 70%), as an oil. 1H NMR (250 MHz, CDCl3): δ= 0.75- 0.82 (m, 3H, CH3); 1.43- 1.75 
(m, 2H, CH2); 2.43 (s, 3H, ArCH3); 2.51-2.60 (m, 1H, CH-N); 2.90- 3.07 (m, 1H, CH-N); 3.19- 
3.35 (m, 1H, CH-Ph); 4.27-4.39 (br s, 1H, N-H); 6.97-7.10 (m, 2H); 7.18- 7.31 (m, 5H, aromatic 
protons); 7.60-7.71 (m, 2H). 
13C NMR (62.5 MHz, CDCl3): δ= 11.7, 21.5, 26.5, 47.4, 48.2, 127.0, 127.1, 127.7, 128.7, 128.8, 
129.6, 141.3 
Anal. Calcd. For C17H21NO2S: C, 67.29; H, 6.98; N, 4.62. Found: C, 67.32%; H, 6.76%, N, 4.44%. 
 
Benzyl 2-phenylpropylcarbamate (4.38b). (Entry 3, Table 4.3). 
Following the typical procedure for alkylation described, AlMe3 (0.5 mmol, 
0.25 mL of a solution 2M in hexanes) was added dropwise to a solution of 
aziridine 4.34b (63.3 mg, 0.25 mmol) in dichloromethane (1.0 mL). The mixture was allowed to 
react at 0 °C for 1 hour. Column chromatography (eluting with petroleum ether/ethyl acetate= 9:1) 
afforded compound 3.38b (39 mg, 58%), as an oil. 1H NMR (400 MHz, CDCl3): δ= 1.31 (d, J= 6.8 
Hz, 3H, -CH-CH3); 2.87-3.01 (m, 1H, -CH2-NH); 3.25- 3.35 (m, 1H, -CH2-NH); 3.46-3.54 (m, 1H, 
Ph-CH); 4.60-4.71 (br, 1H, CH2-NH): 5.05- 5.17 (m, 2H, O-CH2-Ph); 7.19- 7.41 (m, 10H, Ph-H).  
13C NMR (100 MHz, CDCl3): δ= 19.2, 40.1, 47.8, 66.7, 126.7, 127.2, 128.1, 128.5, 128.7, 136.6, 
143.9, 156.4. 
ESIMS (pos.) m/z 292.1291 (M+Na). 
 
4-Methyl-N-(oct-3-ynyl)benzenesulfonamide (4.42d). (Entry 1, 
Table 4.4) 
                                              Following the typical procedure for alkynylation described, a solution 
of hex-1-ynyldimethylaluminium (0.5 mmol, 2.0 equiv.) was added via cannula to a solution of 
aziridine 4.34d (49.3 mg, 0.25 mmol) in dichloromethane (1.0 mL) at 0 °C. The reaction was 
allowed to react for 3 hours at 0°C. Column chromatography (eluting with hexanes/ethyl acetate= 
8:2) afforded compound 4.42d, as a yellow oil. (80% yield). 1H NMR (250 MHz, CDCl3): δ= 0.82-
0.93 (m, 3H, CH3); 1.30-1.48 (m, 4H, 2-CH2); 2.00-2.13 (m, 2H, CH2-CC); 2.22- 2.30 (m, 2H, 
NHTs
NHCbz
Me
NHTs
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CH2-CC); 2.41 (s, 3H, ArCH3); 2.92-3.09 (m, 2H, CH2NH); 4.71- 4.88 (br s, 1H, NH); 7.22-7.31 
(m, 2H); 7.65- 7.78 (m, 2H).  
13C NMR (62.5 MHz, CDCl3): δ= 13.6, 15.9, 18.3, 19.8, 21.5, 21.9, 30.9, 42.1, 75.6, 83.2, 127.1, 
129.7, 143.5. 
Anal. Calcd. For C15H21NO2S: C, 64.48%; H, 7.58%; N, 5.01. Found: C, 64.65%; H, 6.92%, N, 
5.05%. 
 
Benzyl oct-3-ynylcarbamate (4.42e). (Entry 2, Table 4.4) 
Following the typical procedure for alkynylation described, a 
solution of hex-1-ynyldimethylaluminium (0.5 mmol, 2.0 equiv.) was added via cannula to a 
solution of aziridine 4.34e (44.3 mg, 0.25 mmol) in dichloromethane (1.0 mL) at 0 °C. The reaction 
was allowed to react for 40 min at 0 °C. Column chromatography (eluting with hexanes/ethyl 
acetate= 8:2) afforded pure compound 4.42e (70% yield). 1H NMR (250 MHz, CDCl3): δ= 0.86- 
0.91 (m, 3H, CH3); 1.32-1.50 (m, 4H, CH2); 2.09-2.19 (m, 2H, CH2-CC); 2.31-2.43 (m, 2H, CH2-
CH2NH); 3.27-3.38 (m, 2H, CH2-N); 5.02-5.19 (br s, 3H, CH2-Ph and NH); 7.30- 7.41 (s, 5H, 
aromatic).  
13C NMR (62.5 MHz, CDCl3): δ= 13.6, 18.3, 20.1, 21.9, 30.9, 40.2, 66.7, 82.5, 85.7, 128.1, 128.5, 
136.5, 156.2.  
Anal. Calcd. For C16H21NO2: C, 74.10%; H, 8.16%; N, 5.40. Found: C, 74.32%; H, 7.95%, N, 
5.32%. 
 
4-Methyl-N-(4-phenylbut-3-ynyl)benzenesulfonamide (4.43d). (Entry 
3, Table 4.4) 
Following the general procedure described above, a solution of 
dimethyl(phenylethynyl)aluminium (0.5 mmol, 2.0 equiv.) was added via cannula to a solution of 
aziridine 4.34d (49.3 mg, 0.25 mmol) in dichloromethane (1.0 mL) at 0°C. The reaction was 
allowed to react for 1 hour at 0°C. Column chromatography (eluting with Exane/Ethyl Acetate= 
8:2) afforded compound 4.43d (70% yield). 1HNMR (250 MHz, CDCl3): δ = 2.41 (s, 3H, CH3); 
2.51- 2.59 (m, 2H, CH2); 3.12- 3.20 (m, 2H, CH2-N); 4.92- 5.08 (br s, 1H, NH); 7.28- 7.40 (m, 8H, 
aromatic); 7.75- 7.89 (m, 2H, aromatic). 
13C NMR (62.5 MHz, CDCl3) δ = 20.7, 21.5, 41.9, 82.7, 85.6, 127.0, 127.1, 127.9, 128.1, 128.3, 
129.7, 129.8, 131.6, 136.9, 143.5 
Elemental Analysis: C, 68.20; H, 5.72; N, 4.68; O, 10.69; S, 10.71 
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Benzyl 4-phenylbut-3-ynylcarbamate (4.43e). (Entry 4, Table 4.4) 
Following the general procedure described above, a solution of 
dimethyl(phenylethynyl)aluminium (0.5 mmol, 2.0 equiv.) was added 
via cannula to a solution of aziridine 4.34e (44.3 mg, 0.25 mmol) in dichloromethane (1.0 mL) at 
0°C. The reaction was allowed to react for 50 min at 0°C. Column chromatography (eluting with 
Exane/Ethyl Acetate= 8:2) afforded compound 4.43e (72% yield). 1HNMR (250 MHz, CDCl3): δ = 
2.52- 2.61 (m, 2H, CH2); 3.46- 3.65 (m, 3H, CH2-NH); 5.20 (s, 2H, CH2); 7.29- 7.48 (m, 9H, 
aromatic). 
13C NMR (62.5 MHz, CDCl3) δ = 20.8, 39.9, 66.8, 84.4, 86.8, 127.9, 128.1, 128.2, 128.5, 131.6, 
136.5, 156.4 
Elemental Analysis: C, 77.40; H, 6.13; N, 5.01; O, 11.46 
 
 
4-Methyl-N-(2-phenylnon-3-ynyl)benzenesulfonamide (4.44a) (Entry 2, 
Table 4.5). 
Following the typical procedure for alkynylation described, a solution of hept-
1-ynyldimethylaluminium (0.5 mmol, 2.0 equiv.) was added via cannula to a 
solution of aziridine 4.34a (68.3 mg, 0.25 mmol) in dichloromethane (0.6 mL) 
at 0 °C. The reaction was allowed to react for 18 hour at room temperature. Column 
chromatography (eluting with petroleum ether/ethyl acetate= 9:1) afforded compound 4.44a, as a 
colorless oil (70% yield). 1H NMR (400 MHz, CDCl3): δ = 0.94 (t, 3H, J= 7.2 Hz, (CH2)3-CH3): 
1.32-1.43 (m, 4H, (CH2)3-CH3); 1.50-1.58 (m, 2H, (CH2)3-CH3); 2.30 (dt, J1= 7.2 Hz, J2= 2.2 Hz, 
2H, C≡C-CH2-(CH2)3-CH3); 2.45 (s, 3H, Ar-CH3); 3.05-3.15 (m, 1H, CH2-NH); 3.22-3.31 (m, 1H, 
CH2-NH); 3.72-3.77 (m, 1H, Ph-CH); 4.72- 4.76 NH (m, 1H, CH2-NH); 7.23- 7.35 (m, 7H, Ar-H); 
7.74 (d, J= 8.0 Hz, 2H, Ar-H). 
13C NMR (100 MHz, CDCl3): δ= 14.0, 18.7, 21.5, 22.1, 28.5, 31.1, 38.3, 49.4, 78.0, 85.8, 127.0, 
127.5, 127.6, 128.7, 129.7, 137.0, 138.3, 143.4. 
ESIMS (pos.) m/z 392.1655 (M+Na). 
 
4-Methyl-N-(5-methyl-2-phenylhex-5-en-3-ynyl)benzene sulfonamide 
(4.45a) (Entry 3, Table 4.5). 
Following the typical procedure for alkynylation described in the main text, a 
solution of dimethyl(3-methylbut-3-en-1-ynyl)aluminium (0.5 mmol, 2.0 
equiv.) was added via cannula to a solution of aziridine 4.34a (68.3 mg, 0.25 
mmol) in dichloromethane (0.6 mL) at 0 °C. The reaction was allowed to react for 2 hours at 0 °C. 
NHCbz
NHTs
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Column chromatography (eluting with petroleum ether/ethyl acetate= 9:1) afforded compound 
4.45a, as a colorless oil (88% yield). 
1H NMR (400 MHz, CDCl3): δ =1.91 (s, 3H, C-CH3); 2.45 (s, 3H, Ar-CH3); 3.15- 3.23 (m, 1H, 
CH2-NH); 3.27- 3.33 (m, 1H, CH2-NH);  3.89 (dd, J1= 8.0 Hz, J2= 6.4 Hz, 1H, Ph-CH); 4.65- 4.69 
(m, 1H, NH); 5.25- 5.31 (d, 2H, C=CH2); 7.22- 7.37 (m, 7H, Ar-H); 7.73 (d, J= 8.0 Hz, 2H, Ar-H). 
13C NMR (100 MHz, CDCl3): δ = 21.5, 23.6, 38.8, 49.2, 86.4, 86.5, 122.2, 126.3, 127.1, 127.7, 
128.9, 129.8, 137.1, 137.8, 143.6. 
ESIMS (pos.) m/z 362.1160 (M+Na). 
 
 
Benzyl 2,4-diphenylbut-3-ynylcarbamate (4.43b). (Entry 4, Table 4.5 ).  
Following the typical procedure for alkynylation described, a solution of 
dimethyl(phenylethynyl)aluminium (0.5 mmol, 2.0 equiv.) was added via 
cannula to a solution of aziridine 4.34b (68.3 mg, 0.25 mmol) in 
dichloromethane (0.6 mL) at 0 °C. The reaction was allowed to react for 1 hour at 0 °C. Column 
chromatography (eluting with petroleum ether/ethyl acetate= 9:1) afforded compound 25d 
(contaminated with ca. 5% of methyl addition product 4.43b), as a pale yellow solid. M.p.= 70-71 
°C.  
1H NMR (400 MHz, CDCl3): δ= 3.50- 3.59 (m, 1H, CH2-NH); 3.63- 3.72 (m, 1H, CH2-NH); 4.13- 
4.18 (m, 1H, Ph-CH); 5.10- 5.25 (m, 3H, O-CH2-Ph); 7.20-7.52 (m, 15H, Ph-H). 
13C NMR (100 MHz, CDCl3): δ= 39.2, 47.7, 66.7, 84.5, 88.7, 123.1, 127.2, 127.5, 127.8, 128.2, 
128.3, 128.6, 128.7, 128.9, 131.8, 136.5, 138.5, 156.3. 
ESIMS (pos.) m/z 378.1465 (M+Na). 
 
 
(E)-4-Methyl-N-(2-phenylnon-3-enyl)benzenesulfonamide (4.47a) (Entry 5, 
Table 4.5). 
Following the typical procedure described for alkenylation, a solution of 
aziridine 4.34a (54.6 mg, 0.2 mmol) in dichloromethane (0.6 mL) was added 
dropwise at 0 °C to a solution (E)-hept-1-enyldiisobutylaluminium (0.6 mmol, 3.0 equiv.) in 
hexanes (0.6 mmol). The mixture was allowed to react for 1 hour at room temperature. Column 
chromatography (eluting with petroleum ether/ethyl acetate 85:15) afforded compound 4.47a, as an 
oil. Yield: 60% (contaminated with ca. 10% of 4.44a).  
1H NMR (400 MHz, CDCl3): δ= 0.90 (t, J= 7.2 Hz, 3H, -(CH2)3-CH3): 1.20- 1.43 (m, 6H, -(CH2)3-
CH3); 1.95- 2.03 (m, 2H, CH=CH-CH2-(CH2)3-CH3); 2.47 (s, 3H, Ar-CH3); 3.18- 3.29 (m, 2H, 
NHCbz
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CH2-NH); 3.31-3.39 (m, 1H, Ph-CH); 4.31-4.40 (br, m, 1H, CH2-NH); 5.40- 5.55 (m, 2H, CH=CH-
C5H11); 7.07-7.11 (m, 2H, Ar-H); 7.24- 7.36 (m, 5H, Ar-H); 7.72 (d, J= 8.0 Hz, 2H, Ar-H). 
13C NMR (100 MHz, CDCl3): δ = 14.0, 21.5, 22.4, 28.8, 31.4, 32.5, 47.5, 48.3, 127.0, 127.1, 127.5, 
128.8, 129.2, 129.7, 133.9, 136.9, 140.9, 143.4.  
ESIMS (pos.) m/z 394.1796 (M+Na). 
 
 
Cis- and trans 4-methyl-N-(2-methylcyclohex-3-enyl)benzenesulfonamide (cis-
4.48a/ trans-4.48a). (Scheme 4.28). 
Following the typical procedure for alkylation described, AlMe3 (0.4 mmol, 0.2 
mL of a solution 2M in toluene) was added dropwise to a solution of aziridine 4.34g (49.2 mg, 0.20 
mmol) in dichloromethane (1.0 mL). The mixture was allowed to react at 0 °C for 1 hour. Column 
chromatography (eluting with petroleum ether/ethyl acetate= 8:2) afforded an inseparable mixture 
of compounds cis-4.48a and trans-4.48a (37 mg, 70%), as an oil.  
Representative signals: cis-4.48a: 1H NMR (250 MHz, CD3CN): δ= 0.84 (d, J=7.2 Hz, 3H, 
CHCH3), 3.44 (ddd, J=3.0, 5.0, 8.5 Hz, 1H, CHN). 
Representative signals: trans-4.48a: 1H NMR (250 MHz, CD3CN): δ= 0.95 (d, J=7.8 Hz, 3H, 
CHCH3), 3.65-3.75 (m, 1H, CHN). 
 
 
4-Methyl-N-[(1R*, 2S*)]-2-methylcyclopent-3-enyl)benzenesulfonamide 
(4.50a). (Scheme 4.28). 
Following the typical procedure for alkylation described, AlMe3 (0.4 mmol, 0.2 
mL of a solution 2M in toluene) was added dropwise to a solution of aziridine 4.34f (47 mg, 0.20 
mmol) in dichloromethane (1.0 mL). The mixture was allowed to react at 0 °C for 1 hour. Column 
chromatography (eluting with petroleum ether/ethyl acetate= 85:15) afforded compound 4.50a (31 
mg, 62%), as an oil. 1H NMR (250 MHz, CDCl3): δ=0.88 (d, J=7.2 Hz, 3H, CH3), 2.05 (ddt, J=2.0, 
7.0, 16.0 Hz, 1H, H-5), 2.30-2.46 (m, 1H, H-5), 2.45 (s, 3H, ArCH3), 2.57 (ddd, J=7.0, 7.2, 2.0 Hz, 
1H, H-2), 3.92 (ddd, J=7.2, 9.5 Hz, 1H, H-1), 4.75 (d, J=9.5 Hz, NH), 5.51-5.62 (m, 2H, H-3 and 
H-4), 7.42 (d, J=8.0 Hz, 2H, Ar-H), 7.79 (d, J=8.0 Hz, 2H, Ar-H). 
13C NMR (62.5 MHz, CDCl3): δ= 13.6, 29.7, 38.0, 41.3, 55.9, 127.1, 127.2, 128.2, 129.7, 135.7, 
143.3. 
Anal. Calcd. For C13H17NO2S: C, 62.12%; H, 6.82%; N, 5.57. Found: C, 62.18%; H, 6.72%, N, 
5.60%. 
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4-Methyl-N-(1S*,2R*)-2-(phenylethynyl)cyclohex-3-enyl)benzesulfonamide 
(4.52). (Scheme 4.30). 
Following the typical procedure for alkynylation described, a solution of 
dimethyl(phenylethynyl)aluminium (0.5 mmol, 2.0 equiv.) was added via cannula 
to a solution of aziridine 4.34g (49.2 mg, 0.20 mmol) in dichloromethane (1.0 mL). 
The mixture was allowed to react at 0 °C for 1 hour. Semipreparative TLC (eluting with petroleum 
ether/ethyl acetate= 9:1) afforded compound 4.52 (45% yield). 
1H NMR (250 MHz, CD3CN): δ= 1.49-1.64 (m, 1H, H-6), 1.92-2.03 (m, 1H, H-6), 2.09-2.18 (m, 
2H, H-5), 3.26 (ddd, J=2.3, 4.8, 7.7 Hz, 1H, H-2), 3.44 (dddd, J=3.0, 7.7, 10.5, 12.7 Hz (with NH), 
1H, CHN), 5.58-5.65 (m, 1H, H-3), 5.75-5.90 (m, 2H, H-4 and NH), 7.24-7.42 (m, 7H, aromatic 
protons), 7.79 (d, J=7.5 Hz, 2H, Ar-H). 
13C NMR (62.5 MHz, CDCl3): δ= 21.5, 22.7, 27.1, 34.7, 53.6, 82.3, 88.6, 124.5, 127.1, 127.9, 
128.2, 129.6, 131.6, 143.3.  
Anal. Calcd. For C21H21NO2S: C, 71.76%; H, 6.02%; N, 3.39. Found: C, 71.88%; H, 6.09%, N, 
3.43%. 
 
 
4-Methyl-N-([1S*, 4R*]-4-phenylethynyl)cyclopent-2-enyl)benzenesulfonamide 
(4.53). (Scheme 4.30). 
Following the typical procedure for alkynylation described, a solution of 
dimethyl(phenylethynyl)aluminium (0.5 mmol, 2.0 equiv.) was added via cannula to a 
solution of aziridine 4.34f (47 mg, 0.20 mmol) in dichloromethane (1.0 mL). The 
mixture was allowed to react at 0 °C for 1 hour. Column chromatography (eluting with petroleum 
ether/ethyl acetate= 85:15) afforded compound 4.53 (60 % yield), as a semisolid. 
1H NMR (250 MHz, CDCl3): δ= 1.64 (dt, J=5.7, 13.5, 1H, H-5), 2.54 (dt, J=8.0 Hz, 1H, H-5), 
3.48-3.55 (m, 1H, H-4), 4.38-4.49 (M, 1H, H-1), 5.51-5.60 (M, 1H, olefinic protons), 5.85-5.95 (m, 
1H, olefinic protons), 7.20-7.40 (m, 7H), 7.78 (d, J=7.5 Hz, 2H).  
13C NMR (62.5 MHz, CDCl3): δ= 21.5, 34.9, 39.6, 59.0, 81.9, 90.6, 127.1, 128.2, 131.5, 134.9, 
143.5.  
Anal. Calcd. For C20H19NO2S: C, 71.19%; H, 5.68%; N, 4.15. Found: C, 71.29%; H, 5.56%, N, 
4.05%. 
 
 
 
 
NHTs
Ph
NHTs
Ph
Chapter 4 
 
170 
4.4 Bibliography 
 
1Sweeney, J.B. Chem. Soc. Rev. 2002, 31, 247. 
2
 Church, N. J.; Young, D. W. J. Chem. Soc., Chem. Comm. 1994, 943. 
3
 Tanner, D.; Somfai, P. Tetrahedron, 1998, 44, 619 
4
 Kozikowski, A. P.; Ishida, H.; Isobe, K. J. Org. Chem. 1979, 44, 2788. 
5
 Tanner, D.; Birgersson, C.; Dhaliwal, H. K. Tetrahedron Lett. 1990, 31, 1903. 
6
 Bergmeier, S. C.; Seth, P. P. J. Org. Chem. 1997, 62, 2671. 
7
 Tanner, D.; Groth, T. Tetrahedron, 1997, 53, 16139. 
8
 Gini, F.; Del Moro, F.; Macchia, F; Pineschi, M. Tetrahedron Lett. 2003, 44, 8559. 
9
 Marshall, J. J. Am. Chem. Soc. 1989, 89, 1503 and references cited therein. 
10
 Han, H.; Bae, I.; Yoo, E. J.; Do, Y.; Chang, S. Org. Lett. 2004, 6, 4109. 
11
 Ding, C. H.; Dai, L. X.; Hou, X. L. Synlett 2004, 1691. 
12
 Ding, C. H.; Dai, L. X.; Hou, X. L. Tetrahedron, 2005, 61, 9586. 
13
 Padwa, A. Arkivoc, 2006, 6. 
14
 Organometallics in Synthesis: A Manual; Schlosser, M.; Wiley-VCH: Weinheim, 2002, page 
537. 
15
 Zezschwitz, P. Synthesis, 2008, 12, 1809. 
16
 Lipshutz, B. H.; Butler, T.; Lower, A.; Servesko, J. Org. Lett. 2007, 9, 3737. 
17
 T. Blümke, Y.-H. Chen, P. Knochel,  Nat. Chem. 2010, 2, 313. 
18
 Arini, L. G.; Sinclair, A.; Szeto, P; Stockman, R. A. Tetrahedron Letters, 2004, 45, 1589. 
19
 Bertolini, F.; Woodward, S.; Crotti, S.; Pineschi, M. Tetrahedron Letters, 2009, 50, 4515. 
20
 Cunha, R. L.; Diego, D. G.; Simonelli, F.; Comasseto, J. . Tetrahedron Letters, 2005, 46, 2539. 
21
 Masse, C. E.; Dakin, L. A.; Knight, B. S.; Panek, J. S. J. Org. Chem. 1994, 59, 4037. 
22
 Eisch, J. J.; Noels, A. F. J. Org. Chem. 1976, 41, 1461. 
23
 Crotti, S.; Bertolini, F.; Macchia, F.; Pineschi, M. Chem. Comm. 2008, 3127. 
Chapter 5 
 
171 
NN
H
catalytic
reduction of ring
N R
radical substitution
in acid solution
at α-position
N NH2
nucleophilic substitution
at α-position N
H N
R X
electrophilic addition at nitrogen
produces pyridinium salts
N
O
pyridine
N -oxide
N
COR
N-acylpyridinium
X
5.1
Chapter 5 
 
Functionalization of N-heterocyclic systems 
 
5.1 Introduction 
 
5.1.1 General aspects of pyridine chemistry 
 
 Pyridine can be considered as a prototype of an electron-poor six-membered heterocycle. 
The formal replacement of a CH in benzene by N, leads to far-reaching changes in typical 
reactivity: pyridine is much less susceptible to electrophilic substitution than benzene, and much 
more susceptible to nucleophilic attack. However, pyridine undergoes a range of simple 
electrophilic additions, some reversible, some forming isolable products, each involving donation 
of the nitrogen lone pair to an electrophile, and thence the formation of “pyridinium” salts (Figure 
5.1) which, of course, did not have a counterpart in benzene chemistry at all. To understand that the 
ready donation of the pyridine lone pair in this way do not destroy the aromatic sextet; pyridinium 
salts are still aromatic, thought of course much more polarised than neutral pyridines. 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Reactivity of pyridine (5.1) 
 
Pyridine rings are resistant to oxidative destruction, as benzene ring is. In terms of reduction, 
however, the heterocyclic system were much more easily catalytically reduced, especially in acidic 
solution. Similarly, N-alkyl- and N-arylpiridinium salts could be easily reduced both with hydrogen 
in the presence of a catalyst, and by nucleophilic chemical reducing agents. 
Nucleophilic substitution of aromatic compounds proceeded via an nucleophilic addition (of Y-) 
followed by elimination (of a negatively charged entity, most often Hal-), a two-step sequence of 
which the former was usually rate-determining [the SN(AE) mechanism: Substitution Nucleophilic 
Addition Elimination].  
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The electron-deficiency of the carbons in pyridines, particularly α- and γ-carbons, make 
nucleophilic addition and, especially nucleophilic displacement of halide (and other good leaving 
groups), a very important feature of pyridine chemistry. 
 
 
 
Scheme 5.1 Nucleophilic displacements 
 
Such substitution follows the same mechanistic route as the displacement of halide from 2- and 4-
halo-nitro-benzenes: the nucleophile first adds and then the halide departs. By analogy with the 
benzenoid situation, the addition is facilitated by: (i) the electron-deficiency at α- and γ-carbons, 
increased by a halogen substituent, and (ii) the ability of the heteroatom to accommodate negative 
charge in the intermediates makes it immediately plain that is not available for attack at a β-
position, and thus β nucleophilic displacement are very much slower. 
 
 
 
 
 
 
 
 
 
Scheme 5.2 Reactivity in SN(AE) nucleophilic substitution 
 
The generation of metallated aromatics had become extremely important for the introduction of 
substituents, especially carbon substituents, by a subsequent reaction with an electrophile. It was 
very important, in the light of the discussion above on the ease of nucleophilic addition and 
substitution, to realize that iodine and bromine at all positions of a pyridine could be exchanged at 
low temperature without nucleophilic displacement or addition, with formation of the 
pyridyllithium. 
 
 
 
Scheme 5.3 Generation of a metallated pyridine 
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In the absence of α- and γ-halogen, pyridines are less reactive and, of course, do not have a 
substituent suitable for leaving as an anion to complete a nucleophilic substitution. Nucleophilic 
substitution can however take place, but the resultant dihydropyridine adduct requires an oxidant to 
complete an overall substitution, adduct 5.2. Such reactions, for example with a metal amide or 
with organometallic reagents, are selective for an α-position, possibly because the nucleophile was 
delivered via a complex involving interaction of the ring nitrogen with the reactant’s metal cation. 
The addition of organometallic and hydride reagents to N-acylpyridinium salts is an extremely 
useful process: the product, dihydropyridines 5.3, are stable because the nitrogen is an amide, most 
often an urethane. 
 
 
 
 
Scheme 5.4 Possible ways to metallated pyridines 
 
 Pyridine N-oxide (5.4) chemistry, which clearly had no parallel in benzenoid chemistry, 
is an extremely important and useful aspect of the chemistry of heterocycles in the pyridine series. 
The structure of these derivatives means that they are both more susceptible to electrophilic 
substitution and reacted more easily with nucleophiles – an extraordinary concept when first 
encountered. On the other hand, the nominally negatively charged oxygen could release electrons 
to stabilise an intermediate from electrophilic attack and, on the other, the positively charged ring 
nitrogen could act as an electron sink to encourage nucleophilic addition. 
 
 
 
 
Scheme 5.5 Reactivity of Pyridine N-oxide (5.4) 
 
There were a number of very useful processes in which N-oxide functionality allowed the 
introduction of substituents at and α-position and in the process, the oxide function is removed; 
reaction with thionyl chloride is an example. 
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Scheme 5.6 Reaction of pyridine N-oxide (5.4) with thionyl chloride 
 
 
5.1.2 Metal-catalyzed functionalization of pyridine N-oxide 
 
 The pyridine core is found in a variety of natural products, ligands, dendrimers, polymers 
and synthetic biologically active coumpounds. For example, pyridine containing alkaloids have 
been found to exhibit potent cytotoxic, antimicrobial and antiviral activities, while simple 
substituted pyridines could behave as antagonists of human metabotropic glutamate receptors 
(mGluR5), and cytotoxic agents to human cancer cells. Due to their broad utility, the construction 
of substituted pyridines remains an active area of research. Currently, the most common approach 
to functionalize pyridines under mild conditions involves transition-metal catalyzed cross-coupling 
reactions with halogenated (or metallated) pyridines, or more recently with pyridine N-oxide. 
However, this “prefunctionalization” route was inevitably accompanied with problems such as the 
need of extra preparation steps and the formation of byproducts. Transition metal-catalyzed C-H 
bond functionalization for the C-C bond formation had emerged as a promising area in organic 
synthesis. In particular, reactions involving Pd-catalyzed activation of sp2 or sp3 C-H bonds of 
arenes or alkanes have been extensively investigated. Alternatively, pyridines could be reductively 
functionalized via the addition of organometallic nucleophiles to in situ formed N-acylpyridinium 
salts, yielding 1,2- or 1,4-dihydropyridines. Pyridine moiety was a key component of natural 
products and synthetic bulding blocks; the substituted pyridines were usually prepared starting from 
halo- or metallated pyridyl compounds. 
 One of the first work was performed by Fagnou and co-worker in 2005 and served as 
inspiration for many subsequent publications.1 They reported the first example of direct arylation, 
that had emerged as an attractive alternative to cross-coupling reactions, using pyridine N-oxide 5.4 
(that is commercially avalaible) and occurred in excellent yield with complete selectivity for the 2-
position with a wide range of aryl bromide 5.5 to give functionalized pyridine 5.6 (Scheme 5.7). 
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Scheme 5.7 Direct arylation and subsequent deoxygenation 
 
A large variety of substitution types and positions can be employed in these transformations; both 
electron-rich and electron-poor aryl bromides were compatible, as were more sterically encumbered 
ortho-substituted arenes.  
 Inspired by contribution from Fagnou, Chang in 2008 envisioned that C-H bond 
activation approach using pyridine N-oxide 5.4 would serve as an attractive platform for the 2-
functionalization of pyridine species.2 In particular they described two new protocols for the 
selective alkenylation and direct cross-coupling reaction with unactivated arenes (Scheme 5.8). 
 
 
 
 
Scheme 5.8 Alkenylation of pyridine N-oxide 
 
It was found that the nature of the oxidants, additives and solvent played a critical role on the 
reaction efficiency between pyridine N-oxide 5.4 and ethyl acrylate 5.7. While no reaction took 
place without oxidants and additives in acidic solvent, such as a mixture AcOH/1,4-dioxane; they 
found that the reaction proceeded efficiently when 10 mol% Pd(OAc)2 was used in combination 
with Ag2CO3 (1.5 equiv) and pyridine as the additive in 1,4-dioxane (1.0 equiv). This 
transformation was highly site-selective at the 2-position to give 5.8 and no regioisomeric products 
were observed; the alkenylation products 5.8 were obtained in good isolated yields (up to 96%). 
Interestingly 2-phenylpyridine N-oxide 5.9 was produced as a side product in the addition of the 
desired alkenylated compound when the reaction was carried out in benzene at 130 °C (Scheme 
5.9). 
 
 
 
 
Scheme 5.9 Reaction of alkenylation of pyridine N-oxide carried out in benzene 
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 As regard nucleophilic attacks to the pyridine N-oxide nucleus, in a seminal paper Kato 
reported the reaction of pyridine N-oxide 5.4 with phenylmagnesium bromide to give 2-
phenylpyridine 5.6 in 43% yield via a 1,2-dihydropyridine intermediate B (path b, Scheme 5.10).  
 
 
 
 
 
 
 
Scheme 5.10 Ring-opened 2,4-dienal oxime intermediate of pyridine N-oxide 
 
Interested in the stereospecificity, Kellogg revisited the reaction and found it to proceed not to 1,2-
dihydropyridine B but via a ring-opened 2,4-dienal oxime intermediate A (path a); however, the 
subsequent 2-arylpyridine formed were reported in yield below 24% (Scheme 5.10).3 
The addition of organometallic reagents to acyl- and alkyl-activated pyridines has been developed 
into an expedient method for the synthesis of substituted pyridines. However, the formation of 
isomeric mixtures of 2- and 4-substituted products has limited the application of this methodology. 
Although some selective additions to the 4-position have been achieved, addition to the 2-positions 
have only been synthetically useful when the 4-position is blocked. 
 In 2007, Olsson and co-workers showed how the rapid addition of Grignard reagents to 
pyridine N-oxide 5.10 in THF solution under mild conditions was the key to achieve high yields of 
the dienal oximes 5.11-5.13 (Scheme 5.11).4 
 
 
 
 
 
 
 
 
Scheme 5.11 Some example of dienal oximes by addition of Grignard reagents to 5.10 
 
In Scheme 5.11 some examples using phenyl, phenylethynyl- and thienylmagnesium chloride that 
showed a good reactivity are reported; moreover, the stereodefined 5-substituted (1E,2Z,4E)-penta-
2,4-dienaloximes were formed in all cases according to NMR analysis. The important point of this 
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transformation consisted in the possibility to convert easily the conjugated dienal oximes into a 
diverse set of compounds exemplified by nitriles, amines, enaminones and pyrazoles.5 
 In order to obtain 2-substituted pyridines in 2007 Olsson achieved a sequential addition 
of Grignard reagents to pyridine N-oxide 5.14 in THF at room temperature followed by treatment 
with acetic anhydride at 120 °C to afford 2-substituted pyridines 5.16 in good to high yield 
(Scheme 5.12).5 
 
 
 
 
Scheme 5.12 Synthesis of substituted pyridines 5.16 by sequential addition of Grignard reagents 
and acetic anhydride 
 
The authors realized a large screening of substituents on the pyridine ring, and also the 
unsubstituted pyridine N-oxide 5.4, having the potential of forming 4-addition products, yielded 
exclusively 2-substituted pyridines. A very interesting elaboration was the synthesis of 2,6-
disubstituted and 2,3,5-trisubstituted pyrydines in a one-pot or in sequential additions. 
 In 2008, the same authors during the studies of addition of Grignard reagents to pyridine 
N-oxide, instead of the normal addition-rearrangement, observed a proton abstraction when treating 
the N-oxide with alkyl Grignard reagents at -78 °C. This could potentially lead to a mild 
regioselective methodology for the synthesis of substituted pyridine N-oxide and correspondingly, 
to pyridine with a broad range of substituents. In fact, they observed that the addition of i-PrMgCl  
to pyridine N-oxide in THF at -78 °C generated selectively an ortho-metallated species 5.18, which 
was trapped with various electrophiles to generate substituted pyridine N-oxide 5.19-5.21 (Scheme 
5.13).6  
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.13 Some examples of synthesis of 2-substituted pyridine N-oxides 5.19-5.21 by 
generation of ortho-metallated species 5.18  
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5.4
 In 2009 the same authors tried to resolve the earlier reported problem of the ring-opening 
of the pyridine N-oxide to give dienal oximes.7 NMR studies revealed that the ring-opening to the 
dienal oxime occurred  during the quench of the reaction using water at room temperature. Thefore, 
instead of warming up the reaction mixture to room temperature, MeOH was added together with 
NaBH4 at -40 °C; this protocol resulted in the complete regioselective transformation in high yield. 
The subsequent one-pot reduction and protection gave the phenylpiperidine 5.23 in 79% yield 
(Scheme 5.14). 
 
 
 
 
Scheme 5.14 Synthesis of 2-phenylpiperidine 5.23 by one-pot reduction and protection 
 
Moreover, they reported the discovery of a complete regio- and stereoselective synthesis of trans-
2,3-substituted piperidines 5.25 originating from the addition of Grignard reagents to pyridine N-
oxides 5.4 and the subsequent addition of an electrophile. The unique intermediate, trans-2,3-
dihydropyridine N-oxide C, was a stable and versatile diene for further transformations.  
The addition of other electrophiles to the reaction intermediate was also studied, and it was found 
that the addition of benzaldehyde resulted in complete regio- and stereoselective trans-2,3 addition, 
giving the novel heterocyclic diene system 5.24. Interestingly, it was possible to do some 
manipulations shown in Scheme 5.15. 
 
 
 
 
 
 
 
 
 
 
Scheme 5.15 Synthesis of trans-2,3-substituted piperidines 5.25 and Diels-Alder reaction to give 
heterocyclic diene 5.24 
 
Also the reactivity of different Grignard reagents was studied and better results were obtained using 
aryl Grignard reagents than alkyl or vinyl Grignard reagents. 
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 The last work performed by Olsson research group have taken into consideration 
consisted in a synthesis of substituted 4-benzyloxypyridinium salts 5.28 by the addition of Grignard 
reagents to pyridine N-oxide  5.26 that provided an efficient route for obtaining substituted 4-
pyridones 5.29 or 4-aminopyridinium salts.8 In the Scheme below the synthesis of 4-pyridone 5.29 
is reported. 
 
 
 
 
 
Scheme 5.16 Synthesis of 4-pyridone 5.29 
 
 
5.1.3 Copper-catalyzed functionalization of pyridine and pyridinium salts 
 
 One of the most used methods for the functionalization of pyridines and pyridinium salts 
is the direct copper-catalyzed addition of organometallic reagents or terminal alkynes. 
Arndtsen and co-workers in 2004 developed an enantioselective addition of 1-alkynes to imines by 
a direct copper-catalyzed coupling between imines 5.30, acid chlorides and alkynes.9 The authors 
observed how this process proceeded rapidly with CuI as the catalyst and provided an efficient and 
general three-component coupling method to prepare propargylamides 5.33. The coupling could be 
also diversified to allow the formation of N-carbamate-protected propargylamines with the use of 
chloroformates. The authors analyzed the reactivity of imines but observed how this approach 
could be extended to the functionalization of nitrogen heterocycles such as pyridine 5.1 (Scheme 
5.17). 
 
 
 
 
 
 
 
 
Scheme 5.17 Three-component reaction of imines 5.30 or pyridine 
Chapter 5 
 
180 
N
CO2R
Cl
R1
CuI (10 mol%)
Ligand (10 mol%)
i-Pr2NPr2-n, CH2Cl2, -78 °C N
R1CO2R
R= Me, i-Bu, Bn R
1
= CO2Et, CO2Me
CO2Bn, COCH3
NO
N N
O
R2 R2
R2 = Ph, Bn
O
N N
O
R3R3
R3 = H, Me
up to 81% yield
up to 99% ee
5.33 5.34
In 2005, Yadav used similar reaction conditions, changing only the solvent (CH2Cl2 instead of 
CH3CN) developing a simple and efficient method for the alkynylation of quinoline and 
isoquinoline activated by ethyl chloroformate to provide high yields of products.10  
 The subsequent work performed by Ma and his research group in 2008 because it 
represents the first example of enantioselective addition of activated terminal alkynes to 1-
acylpyridinium salts catalyzed by the combination of copper(I) salts and bis(oxazoline) 
complexes.11 This work was inspired by the recent progress performed by Arndtsen and Yadav and 
after a large screening of terminal alkynes, showed how the carbonyl group in 3 positions of some 
1-alkynes is important for the enantioselectivity of the reaction (Scheme 5.18). 
 
 
 
 
 
 
 
 
 
Scheme 5.18 CuI-catalyzed addition of terminal alkynes to 1-acylpyridinium salts 5.33 
 
The reaction provided highy functionalized dihydropyridines with excellent enantioselectivity, 
which were valuable building block for assembling complex N-heterocycles. For example, starting 
from the dihydropyridine it was possible to carried out the synthesis of indolizidines.  
 On the base of his precedent work and considering also the example proposed by Ma, 
Arndtsen and co-workers achieved a copper-catalyzed coupling of pyridines and quinolines with 
alkynes in an asymmetric route.12 Moreover, they carried out a large screening of pyridine-based 
heterocycles in the reaction with electron-rich and electron-poor alkynes; the general procedure is 
shown in the following Scheme 5.19. 
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Scheme 5.19 Enantioselective alkynylation of pyridines and quinolines 
 
Best results in terms of isolated yield and enantiomeric enrichment was obtained using quinoline as 
the starting material (up to 92% yield and 84% ee). 
 The first highly enantioselective addition of organometallic reagents, in particular 
dialkylzinc reagents, was performed by Feringa’s research group in 2009 to N-acyl-pyridinium salts 
using a combination of copper salts/phosphoramidite ligands as the catalysts.13 The studied was 
performed on the reactivity of 4-methoxypyridine 5.35 with various chloroformate (1 eq) at -78°C 
for 30 min and subsequent addition of a solution of freshly prepared catalyst, derived from the 
appropriate copper salt and the ligand (Scheme 5.20). 
 
 
 
 
 
 
 
 
 
 
Scheme 5.20 Copper-catalyzed enantioselective addition of Et2Zn to N-acylpyridinium 
 
The authors did a large screening of copper salts and found that the best reaction conditions was 
promoted by Cu(OTf)2 in combination with the phosphoramidite L3 in THF as the solvent and 
using Et2Zn as the organometallic species. Moreover, in order to improve the low yields they 
observed that if they inverted the order of addition of the reagents, adding a solution of preformed 
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pyridinium salts (prepared at 0 °C by mixing 4-methoxypyridine with 4 eq of benzyl chloroformate 
for 30 min in THF) dropwise into the reaction mixture comprising the catalyst and Et2Zn at -78 °C, 
the desired product 5.36 was obtained with a good yield (69%) and an excellent enantioselectivity 
(95% ee). To prove the synthetic utility of the method, different dialkylzinc reagents were tested. 
While Bu2Zn and (PhCH2CH2)2Zn gave the corresponding 2,3-dihydro-pyridone with good yields 
and excellent enantioselectivities (up to 97% ee), the less reactive Me2Zn did not provide the 
desidered product and starting material was recovered. 
 Another interesting work concerning the use of organometallic reagents on pyridinium 
salts was achieved by Donohoe in 2009.14  They achieved a regioselective addition of Grignard 
reagents to pyridinium salts 5.38 to generate an intermediate enol-ether, which could be hydrolyzed 
in situ to provide a range of dihydropyridones 5.39 and 5.40. Interestingly, certain Grignard 
reagents have shown inherent differences in the regioselectivity of addition to these salts, and this 
difference could be turned to give single regioisomeric addition products. The dihydropyridone 
products could be further manipulated in many ways using standard transformations (Scheme 5.21). 
 
 
 
 
 
 
 
 
Scheme 5.21 Regioselective addition of Grignard reagents to pyridinium salts 5.38 
 
The treatment of pyridinium salt 5.38, formed by pyridine 5.37 and methyl triflate, with 
methylmagnesium bromide, followed by in situ hydrolysis, gave the dihydropyridone 5.39 as single 
regioisomer in 89% isolated yield. Also other alkyl Grignard reagents gave the attack to C-2 
substituted pyridinium salt. On the other hand, it was found that alkenyl and alkynyl Grignards 
gave another regioisomeric product 5.40, resulting from nucleophilic attack at C-6 rather than 
attack at C-2, as observed for alkyl Grignards. They attributed this regiodivergency to the fact that 
harder nucleophiles would tend to attack at the harder (more electron-deficient) C-2 center, 
adjacent to the electron-withdrawing ester group, and softer nucleophiles would attack the softer C-
6 center. The use of N-allyl pydirinium salt 5.41, obtained by the reaction between pyridine and 
allyl triflate, gave different results: in fact, the alkyl Grignard reagents attack always in C-2 
position to give the regioisomeric adduct 5.42. Unfortunately, addition of aryl and vinyl or alkynyl 
Grignard reagents gave essentially a 1:1 mixture of regioimers 5.42 and 5.43. The reason for this is 
Chapter 5 
 
183 
N
OMe
CO2Me
OTf
RMgBr
THF
-30 °C
then H3O+
N
O
CO2Me
Me
R
Regioisomer 5.42
N
O
CO2Me
Me
Regioisomer 5.43
R N
OMe
CO2Me
OTf
RMgBr
ZnCl2
THF
then H3O+
R = phenyl, vinyl, CH3C CH
5.41
5.41
at present unclear, but it is possible that N-allyl group adopted a conformation that hinders the C-6 
position more than a simple Me group and so reduces the rate of nucleophilic attack at that carbon. 
The authors decided to improve the selectivity of addition to an acceptable level and prepared an 
organozinc species by in situ treatment of Grignard reagent with zinc chloride prior to addition of 
the N-allyl pyridinium salt 5.41. In this way, when phenyl, vinyl or alkenyl Grignard reagents  were 
used, the only regioisomer observed from this protocol was that resulting from C-6 addition, and 
dihydropyridones 5.43 were obtained in excellent yield up to 90%. 
 
 
 
 
 
 
 
 
 
 
Scheme 5.22 Regioselectivity on the addition of Grignard reagents to N-allyl pyridinium salts 5.41 
 
Interestingly, the reaction with ethylmagnesium bromide and zinc chloride gave the C-2 addition 
product as a single regioisomer in yield similar to that obtained in the absence of zinc chloride.  
 Another interesting approach was the synthesis of N-arylated 1,2-dihydroheteroaromatics, 
of type 5.45 through a three-component reaction of arynes with N-heteroaromatics and terminal 
alkynes.15 In this work, Cheng and co-workers observed how the reaction of benzynes (precursor 
5.44) with N-heteroaromatics including quinolines, isoquinolines and pyridines and various 
terminal alkynes or ketones with an α-hydrogen in the presence of KF and 18-crown-6 in THF at 
room temperature for 8 h gave various N-arylated 1,2-dihydroheteroaromatics 5.45 in good to 
moderate yields. The reaction involved an unusual multiple construction of new C-C, C-N, and C-
H bonds and the cleavage of C-H bond in one pot. It was likely that the three–component coupling 
proceeded through the nucleophilic addition of heteroaromatic system to benzyne 5.46, which 
generated a zwitterionic species 5.47. The latter then abstracts a proton from terminal alkyne to 
generate a N-arylated cation 5.48 and an acetylide anion. Further reaction of these two ions 
provided the final substituted 1,2-dihydroheteroaromatics systems 5.45. In the reaction, the 
terminal alkyne acted first as a proton donor and then as a nucleophile. The better results were 
obtained using the quinoline system, starting from various benzyne precursors 5.44 (Scheme 5.23). 
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Scheme 5.23 General three-component reaction and proposed mechanism 
 
 
5.1.4 Diels-Alder cycloaddition 
 
 The 2-azabicyclo[2.2.2]octanes (isoquinuclidines 5.49) are found widely in natural 
products such as iboga-type indole alkaloids, which have varied and interesting biological 
properties. In particular, as shown in Scheme 5.24, there are pharmacologically important vinca 
alkaloids such as vinblastine and vincristin which possess the isoquinuclidine skeleton.16 In 
addition, more recently it was also shown that the isoquinuclidines can be used as a synthetic 
intermediate for the synthesis of oseltamivir phosphate (Tamiflu), which is an important anti-
influenza drug.17 
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Scheme 5.24 Utility of isoquinuclidines 5.49 
 
A well-established route to chiral ring systems is through the asymmetric Diels-Alder (DA) 
reaction of 1,2-dihydropyridines with dienophiles. However, only few examples of catalytic 
asymmetric synthesis employing metal catalysts or organocatalysts have been reported. In 2006, 
Nakano and co-workers developed an efficient methodology for obtaining the chiral 
isoquinuclidines, by a DA reaction of 1-phenoxycarbonyl-1,2-dihydropyridine 5.50 with 1-benzyl-
2-acryloylpyrazolidin-3-one 5.51 as dienophile using chiral cationic palladium-
phosphinooxazolidine (Pd-POZ) catalyst. (Scheme 5.25).18 
 
 
 
 
 
 
 
 
Scheme 5.25 Enantioselective DA reaction of dienes 5.50 
 
In this way they obtained the corresponding DA adduct 5.52 at 97% ee with good chemical yield. 
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To the best of our knowledge, only one example employing a MacMillan catalyst has been reported 
for the organocatalytic asymmetric version of this reaction to give 5.53 (26% yield, 99% ee), that 
was used as the key reaction for a new practical total synthesis of Tamiflu (Scheme 5.26).17 
 
 
 
 
 
 
Scheme 5.26 Asymmetric DA reaction for the efficient total synthesis of Tamiflu 
 
Recently, Nakano and co-workers succeeded in carrying out a highly enantioselective DA reaction 
of 1,2-dihydropyridines using a novel oxazolidine organocatalyst 5.54 that was easily prepared 
(Scheme 5.27).16 
 
 
 
 
 
 
Scheme 5.27 Enantioselective DA reaction using novel oxazolidine catalyst Z 
 
The developed oxazolidine catalyst 5.54 showed a dramatic reactivity and excellent 
enantioselectivity (up to 99% ee) for the reactions of three kinds of 1,2-dihydropyridines with 
acrolein. 
 The nitroso Diels-Alder reaction of dienamines with dienophiles is an attractive method 
for the synthesis of pharmacologically interesting bicyclic heterocycles. Several studies have shown 
that various C-nitroso compound reacted readily with conjugate dienes to give oxazine system (see 
Chapter 1). It was therefore of interest to develop methods for the preparation of bicyclic 
heterocycles in which a 1,2-oxazine was fused to a tetrahydropyridine ring. The first studies 
concerning the reactivity of dihydropyridines towards Diels-Alder reaction was performed by 
Knaus and his research group. The regiospecific [4+2] cycloaddition reaction of N-substituted 
dihydropyridines 5.55 and nitrosobenzene provided a convenient route to 3-phenyl-2-oxa-3,6-
diazabicyclo[2.2.2]oct-7-ene rotamers 5.56a and 5.56b (Scheme 5.28).19 
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Scheme 5.28 Diels-Alder cycloaddition of dihydropyridine of type 5.55 with nitrosobenzene 
 
In particular, the reaction of N-acetyl-2-phenyl-1,2-dihydropyridine 5.55a with nitrosobenzene 
proceeded smoothly in CH2Cl2 at room temperature to afford a mixture of rotamers 5.56a and 
5.56a’ which differed in configuration at the carbonyl to nitrogen (amide) bond. The presence of 
the two rotamers was found by 1H NMR analysis because exhibited dual absorptions due to the 
C(1)H, C(5)H and N(6)COMe groups of 5.56a and 5.56a’ in a ratio of 18:82 in CDCl3 and 50:50 in 
DMSO-d6. The difference in ratio of 5.56a:5.56a’ in CDCl3 (18:82) in comparison to DMSO-d6 
(50:50) was clearly a solvent effect. 
Protons adjacent to and in the nodal plane of the imide carbonyl group of N-acetylimidazole in a 
nonpolar solvent were shifted downfield as a result of the anisotropy of the acyl group indicating 
that configurationally dependent changes in the chemical shifts of C(1)H and C(5)H were 
associated with their proximity to the acyl oxygen. Similar shielding and deshielding were also 
observed for the other compounds prepared. 
 Some years later, the same research group developed an intramolecular cycloaddition 
reaction of substituted dihydropyridines with nitrosocarbonyl compounds of varied dienophilicity, 
and they reported the electronic effect of substituents upon regiochemistry, the stereochemistry of 
the cycloadducts formed and the structures of rearrangement products.20  
The reaction of N-acetyl-2-n-butyl-1,2-dihydropyridine 5.55b with N-benzoylhydroxylamine in the 
presence of tetraethylammonium periodate at -78 °C in CH2Cl2 afforded 5.56b as the major product 
(70% yield). Similar results were obtained starting from dihydropyridines 5.55c and 5.55d.  On the 
other hand, a similar reaction of the 1,5-bis(methoxycarbonyl)-1,2-dihydropyridine 5.55e gave both 
regioisomers 5.56e and 5.57 in a 93% combined yield in a ratio 4:1. It was analized also the 
reaction with phenyl nitrosoformate that yielded the two regiosomers 5.58 and 5.59 only starting 
from dihydropyridine 5.55d; for dihydropyridine 5.55d,c they obtained only the regioisomer 5.58 
in a low yield. The related reactions of 5.55b-d with benzyl nitrosoformate afforded regioisomers 
5.60b-d and 5.61b-d (Scheme 5.29).   
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Scheme 5.29 Nitroso Diels-Alder reactions of dihydropyridine of type 5.55 
 
The assignment of the regio- and stereochemistry of the products was based on their 1H and 13C 
NMR spectral data.  
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5.2 Results and discussion 
 
5.2.1 Functionalization of N-heterocyclic systems with organometallic reagents 
 
 As described in the introduction, the addition of carbon nucleophiles to activated nitrogen 
heterocycles is a powerful strategy to obtain valuable building blocks in organic synthesis. Initially, 
we examined the reactivity of some N-heterocyclic systems, as shown in Figure 5.2, in combination 
with various organometallic reagents. 
 
 
 
 
Figure 5.2 N-heterocyclic systems 
 
Inspired by the recent paper by Feringa,14 we considered the use of organoaluminium reagents in 
the reaction of N-acylpyridinium salts under copper catalyzed conditions; differences with the cited 
paper consisted in the use of a different organometallic reagent. In this catalytic addition, we took 
into consideration many ligands, that are shown in Figure 5.3. 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Ligand used 
 
We set up an extensive screening of reaction conditions, considering various aspects: (a) the use of 
various copper salts, in particular Cu(OTf)2 and CuCl2; (b) the use of ligands of different nature, 
such as phosphine or phosphoramidite ligands; (c) the reaction was carried out in different solvents 
such as THF, toluene and CH2Cl2, and at different temperatures (Scheme 5.30). 
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Scheme 5.30 Addition of organoaluminium reagents to N-pyridinium salts of type 5.33 
 
Unfortunatelly, we never obtained the desired addition product but a reaction mixture probably 
deriving from an attack of the carbonyl carbon of the urethane moiety (chloroformate group); the 
use of other transition-metal-catalysts such as Pd and Rh afforded similar results. 
In order to verify the reactivity of organoaluminium reagents in these addition process, we 
envisioned also the reactivity of pyridine N-oxide (Scheme 5.31). 
  
 
 
 
 
Scheme 5.31 Use of organoaluminium reagents for the functionalization of pyridine N-oxide 5.4 
 
We did a large screening of reaction conditions, by changing solvent (CH2Cl2, toluene and THF), 
temperature (-78 °C to rt), and also by using a catalytic system formed by copper salts in 
combination with phosphine or phosphoramidite ligands. However, no positive results were 
obtained, and the starting material was recovered unreacted, and uncatalyzed reactions gave similar 
results. 
 At this point, we considered the use of Grignard reagents. As shown in the Introduction, 
the use of these reagents was examined by Olsson research group, in particular with pyridine N-
oxide 5.4. Our intention was to develop a catalytic enantioselective addition of Grignard reagents to 
N-arylated pyridine via a three-components reaction of benzyne, pyridine system and Grignard 
reagents. The reaction of benzyne precursor, 2-(trimethylsilyl)phenyl triflate 5.44, with pyridine 
and MeMgCl (3.0 eq) in the presence of KF (2.0 eq) and 18-crown-6 (2.0 eq) in THF gave product 
5.64 deriving by addition of the Grignard reagent to C-4 position of the intermediate N-phenyl 
pyridinium 5.63 (Scheme 5.32). 
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Scheme 5.32 Three-components reaction on pyridine and 4-OMe-pyridine 
 
In order to obtain the functionalization exclusively on carbon C-2 of the pyridine ring, we repeated 
the reaction starting from 4-methoxy pyridine 5.35; in this way we obtained product 5.66, as a 
single regioisomer. In this reaction, benzyne was generated in situ by the reaction of fluoride ion 
with the precursor 5.44. In all cases, the reaction was highly regioselective. Except for the reaction 
with MeMgCl, in the other cases (PhMgCl, vinylmagnesium chloride) we obtained the addition 
product in a very low yield, so we decided to turned our attention on the possibility to carry out a 
catalytic enantioselective addition on compound 5.65 with MeMgCl. 
The reaction was repeated by using Cu(OTf)2 in combination with phosphoramidite ligands and 
organozinc reagents as the nucleophile. Unfortunately, a complex reaction mixture and accurate 1H 
NMR analysis showed the presence of the desired compound of type 5.66. With the aim to 
understand if the catalytic complex could damage the formation of active species 5.65, we repeated 
the same reaction using Grignard reagents. In this case the desired addition product 5.66 was 
recovered in yields similar to that obtained with uncatalyzed conditions (Scheme 5.33). 
 
 
 
 
 
 
 
 
 
 
Scheme 5.33 Screening of chiral ligands in the three-components reaction on 4-OMe-pyridine 
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The reaction was subjected to a screening by using ligands with very different structure and nature 
in order to verify the presence of enantiomeric enrichment. The ligands used are shown in Scheme 
5.33. Unfortunately, in all cases a racemic mixture was obtained. 
   
 
5.2.2 Functionalization of N-heterocyclic systems via Perkin acyl-Mannich reaction 
 
 The addition of carbon-based nucleophiles to aromatic nitrogen heterocycles is a 
powerful strategy to obtain valuable building blocks in organic synthesis. In this context, the 
activation of the nitrogen containing heteroaromatics by quaternarization permits an easy 
introduction of a variety of carbon substituents into these rings. For example, pyridines are versatile 
starting materials for the synthesis of complex heterocyclic compounds and several metal enolates 
or enolate equivalents (silyl enol ethers, silyl ketene acetals) have been used for this purpose.21 
In 2002, Jacobsen’s group first reported the application of thiourea organocatalyst of type 5.67. in 
the asymmetric Strecker reaction.22 Since that initial report, Jacobsen's group have developed a 
range of chiral thioureas that are versatile, effective organocatalysts. As regard Mannich-type 
reactions, another variant of the thiourea organocatalyst 5.67 is effective in the acyl-Mannich 
reaction, providing a route to enantioenriched heterocycles (5.71) from aromatic starting materials 
(5.68) and trichloroethyl chloroformate 5.69 (TrocCl).23 
 
 
 
 
 
 
 
Scheme 5.34 Acyl-Mannich reaction with thiourea organocatalyst 5.67 
 
The direct addition of unmodified carboxylic acid anhydrides to the pyridine nucleus has very little 
precedents and the yields reported are very low. Four decades ago, Fleming and Mason described 
an unexpected product (N-acetyl-1,2-dihydropyridine acetic acid 5.74, Scheme 5.35) from the 
reaction of pyridine with acetic anhydride in the presence of a niacytin hydrolysate or with an 
oxidized pyrrole mixture. 24 It should be noted that apart from the venerable Perkin reaction, the use 
of carboxylic acid anhydrides as a carbon nucleophile in aldol- and Mannich-type addition reaction 
has received only scant attention. 
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 Attempted acetylation, in pyridine, of cyclohexenyl hydroxylamino alcohol 5.72, recently 
obtained by us by means of a copper-catalyzed rearrangement procedure (see Chapter 1), gave the 
corresponding N-acetylated hydroxylamino derivative 5.73 with a low isolated yield. To our 
surprise the main product of this reaction, N-acetyl-1,2-dihydropyridine acetic acid 5.74 derived 
from the addition of the acetic anhydride to the pyridine nucleus in C-2 position. Also minor 
amounts (ca 15%) of regioisomeric 1,4-dihydropyridine 5.75 were obtained (Scheme 5.35).  
 
 
 
 
 
 
 
 
 
Scheme 5.35 Acetylation reaction on allylic hydroxylamine 5.72 
 
The structure of compound 5.74 was unequivocally estabilished by a single crystal X-ray after a 
recrystallization in 95:5 hexanes/ethyl acetate. 
 
 
 
 
 
 
 
 
Figure 5.4 X-ray structure of 5.74 
 
A close examination of the reaction showed that the presence of tiny amounts of copper salts 
present as impurities in starting compound 5.72 were responsible for the addition of acetic 
anhydride to pyridine (Scheme 5.36). 
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Scheme 5.37 Perkin acyl-Mannich reaction 
 
In this way, we obtained a mixture of dihydropyridines 5.74 and 5.75, that could be considered 
really interesting structures found in various naturally and biologically active compounds. These 
dihydropyridines, due the presence of the carboxylic acid portion, have a great affinity to polar 
solvents and especially toward the water. As a consequence, the aqueous work-up proved to be 
difficult and led to the loss of much of the product obtained. On the other hand, a simple filtration 
on Celite did not lead to a good crude reaction product and did not completely remove the metal, 
used as catalyst. After several attempts, we were able to isolate 5.74 and 5.75  by an aqueous work 
up in the presence of saturated aqueous solution of EDTA to remove the copper salt. Unfortunately, 
compounds 5.74 and 5.75 were not completely stable during a chromatographic purification on 
silica gel, and so we were not able to separate the two regioisomers. 
With the aim of assessing which was the best Lewis acid in terms of regioselectivity and yield, we 
did a large screening of Lewis acids and we considered the turnover number (TON) on a scale of 1 
mmol of pyridine. Turnover number is the number of moles of substrate that a mole of catalyst can 
convert before becoming inactivated. All the Lewis acids used are shown in Table 5.1 
 
Table 5.1 Screening of Lewis acida 
 
  entry       Lewis acid   TON   1,2/1,4      
ratio (%) 
1 Cu(OTf)2 7 85/15 
2 Sc(OTf)3 2 75/25 
3 CuCl2 - - 
4 CuCl - - 
5 FeCl3 5 70/30 
6 Zn(OTf)2 6 80/20 
7 MgBr2 5 68/32 
                                 
aAll the reaction were carried out with 1mmol of LA in 10mmol of Ac2O  
                                 and 10mmol of Py 
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As shown in Table 5.1, the best result was obtained by using Cu(OTf)2 both in terms of TON and 
regioselectivity (entry 1, Table 5.1); no reaction was observed using CuCl2 and CuCl (entries 3 and 
4). MgBr2 showed a good TON but the 1H NMR of the obtaine crude product was not completely 
clear. 
The lack of reactivity observed in control experiments in which the metal salt was omitted points to 
a “soft enolization” pathway in which the Cu+2 salt coordinates to the carbonyl oxygen of the acetic 
anhydride to give as copper enolate the species 5.78 after deprotonation of the α-proton by the 
acetate anion in 5.77 (Scheme 5.37). 
 
 
 
 
 
 
 
Scheme 5.37 Proposed mechanism for the synthesis of 5.78 
 
In order to isolate the two regioisomers we did a simple esterification by using diazomethane in a 
1:1 MeOH/Et2O mixture (Scheme 5.38). 
 
 
 
 
 
 
Scheme 5.38 Esterification reaction of mixture of dihydropyridines 5.74 and 5.75  
 
In this way we were able to isolate, after a chromatographic purification on silica gel, the two 
regioisomers 5.79 and 5.80 and to confirme, by NMR studies, their structures. 
 In order to have several dihydro-N-heterocyclic compounds, we carried out the same 
reaction by using different anhydrides, such as butirric, propionic and isovaleric anhydride, and by 
varying the N-heterocyclic system. Unfortunately, pyridine proved to be poorly reactive towards 
both propionic and butirric anhydride probably due the steric hindrance of the carbon chain; no 
reaction was observed with isovaleric anhydride (Scheme 5.39). 
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Scheme 5.39 Some examples of functionalization of pyridine and isoquinoline 
 
On the other hand isoquinoline showed an excellent reactivity in terms of TON, towards all the 
anhydrides except for isovaleric anhydride. 
 
5.2.3 Elaboration of 1,2-dihydropyridine: Diels-Alder cycloaddition 
 
 The 1,2-dihydropyridine 5.79 can be considered as a possible intermediate for the 
synthesis of very interesting systems such as isoquinuclidine and homopipecolic derivatives which 
are important substrates for the synthesis of biologically active molecules. 
At the beginning we investigated the possibility to achieve the elaboration of the double bond in 
different ways, in particular using reduction conditions in order to obtain homopipecolic 
derivatives. The first experiments focused on trying to make hydroboration of the double bonds by 
using a catalyzed and an uncatalyzed hydroboration (Scheme 5.40). 
 
 
 
  
 
Scheme 5.40 Attempts of hydroboration reaction of dihydropyridine 5.79 
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The catalytic system for the approach a involved the use of the Wilkinson’s catalyst formed in situ 
and the use of BpinH. In both reactions, oxidation was carried out during the work-up procedure 
using 3 M NaOH solution and 30% H2O2. Unfortunately, no reaction was observed in the rhodium 
catalyzed reaction, while a complex mixture was obtained as the product of the uncatalyzed 
hydroboration reaction. However, no signals corresponding to the double bond was observed. We 
repeated the two approaches also starting from the acid 5.74 (in mixture with 5.75), but no reaction 
was observed. 
In order to have a clean reduction, we did a hydrogenation in the presence of metal catalysts. When 
we used Pd/C we observed the formation of a complex mixture and not complete conversion; on 
the contrary the use of PtO2 afforded the saturated organic compounds 5.88, but with low yield 
(Scheme 5.41).25 
 
 
 
 
 
 
 
 
Scheme 5.41 Catalytic hydrogenation of dihydropyridine 5.79 
 
We also investigated the reactivity in the hydrogenation reaction of the acids 5.74 and 5.75 
pretreated with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). DDQ is an agent which favors 
the aromatization of the 1,4-dihydropyridine 5.75 and allows the enrichment of the compound 5.74 
in the mixture that is subjected to the catalytic hydrogenation reaction.  In fact, starting from a 
85:15 mixture for 5.74, after the reaction we observed a 95:5 ratio with a decreases amount of the 
1,4-dihydropyridine 5.75 (Scheme 5.42). 
 
 
 
 
 
 
 
 
Scheme 5.42 Hydrogenation of dihydropyridine 5.74 
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In this way it was possible to obtain product 5.87, as the main product by using catalytic 
hydrogenation on Pd/C. We also carried out the reaction by using PtO2 and the complete saturated 
compound 5.88 was obtained. All the hydrogenation reactions showed to proceed with complete 
conversion but with a moderate yield (up to 50% for 5.87). 
 A different elaboration of the diene of the 1,2-dihydropyridine consisted in the 
cycloaddition reactions in order to obtain isoquinuclidine derivatives. In particular, we examined 
the possibility to realize a Diels-Alder reaction between ester 5.79 and acrolein in a similar 
approach as shows in the Introduction (Scheme 5.43).  
 
 
 
 
 
 
 
 
 
Scheme 5.43 Organocatalyzed Diels-Alder cycloaddition of dihydropyridine 5.79 with acrolein 
 
A large screening of reaction conditions was realized: we used two different catalysts in different 
solvents and at different temperature. Unfortunately, we never obtained a clean cycloaddition 
product. In our hand, the best reaction condition was found to be when McMillan catalyst was used 
in CH3CN/H2O at room temperature, but a low conversion was observed also after 5 days. The 
scarce reactivity observed was probably due to the substitution at the C-2 of the pyridine ring. We 
also carried out Diels-Alder reaction using maleic anhydride or dimethyl acetylenedicarboxylate 
but no reaction was observed. 
Subsequently, we changed the dienophile and we carried out the reaction by using benzyne 
generated in two different ways, as shown in the following Scheme 5.44. 
 
 
 
 
 
Scheme 5.44 Diels-Alder cycloaddition of dihydropyridine 5.79 with benzyne 
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With our surprise, starting from anthranilic acid (5.90) and isoamyl nitrite (5.91) we recovered, 
after 48h at room temperature, the 1,2-dihydropyridine 5.79 unreacted; on the other hand, starting 
from the benzyne precursor 2-(trimethylsilyl)phenyl triflate 5.44 in the presence of CsF, we 
obtained the isoquinuclidine derivative 5.92 with 55% isolated yield.  
 Then we focused our attention on the acylnitroso and arylnitroso species as the dienophile 
in the cycloaddition reaction. At the first, we carried out the Diels-Alder reaction on the 1,2-
dihydropyridine 5.79 (ester) and 5.74 (acid) in combination with N-Boc protected acylnitroso 
reagent in conditions reported in Chapter 1 (Scheme 5.45). 
 
 
 
 
 
 
 
 
 
 
Scheme 5.45 Diels-Alder reaction of dihydropyridines 5.74 and 5.79 with N-Boc protected 
acylnitroso reagent 
 
In both cases we obtained the two regioisomers in a different ratio as shown in the Scheme 5.45. 
Unfortunately, the main product 5.93 and 5.95 are isolated after chromatographic purification in a 
low yield, 35% and 20% yield respectively. Moreover, we observed the formation of an unknown 
product probably deriving from an attack of methanol on the bicyclic system (eq 2, Scheme 5.46). 
The two regioisomers 5.93 and 5.94 were identified by analysis of their 1H, 13C NMR and COSY 
spectra and by comparison with the literature data reported by Knaus and Streith for similar 
compounds.20,26 The regioisomers 5.93 and 5.94 existed as a mixture of corresponding rotamers 
obtained by rotation around the N-Boc bond. The rotamers ratio, for compound 5.93, in CDCl3 was 
found to be 80:20. An 1H NMR study at different temperature, indicated the presence of only one 
rotamer at 65 °C in CD3CN.  Regioisomers 5.93 and 5.94, are characterized by some differences in 
the chemical shift of C(1)H and C(4)H protons due to their spatial relationship (proximal or distal) 
to N-acyl group (Figure 5.5). 
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Figure 5.5 Regioisomers 5.93 and 5.94 
 
In 5.93, C(1)H (δ 6.03) and C(4)H (δ 5.11), whereas in 5.94a C(1)H (δ 5.77) and C(4)H (δ 5.07). 
These results are in line with data reported in the literature for similar compounds.20 
 Then we used the nitrosobenzene 5.97, under reaction conditions recently described by 
Charette; the Diels-Alder reaction was carried out at room temperature with 2 eq of the nitroso 
reagent (Scheme 5.46).27 
 
 
 
 
 
Scheme 5.46 Diels-Alder reaction of dihydropyridine 5.79 with nitrosobenzene 
 
The reaction of 1,2-dihydropyridine 5.79 proceeded smoothly in CH2Cl2 at room temperature to 
afford the bicyclic 5.98 as a single regioisomer with complete conversion. Unfortunately, when we 
tried to isolate the compound by chromatographic purification we observed a retro Diels-Alder 
reaction with the obtainment of 5.79 (8%). The same reaction was carried out also starting from the 
1,2-dihydropyridine 5.74, but, with our surprise, no reaction was observed. 
 All the hetero Diels-Alder adducts synthesized can be considered as key intermediates for 
the stereoselective synthesis of azasugar derivatives. In fact, by N-O bond cleavage, it is possible to 
obtain functionalized azasugar structures with some control of stereoselectivity. In literature there 
are various methods of breaking this N-O bond and their effectiveness is often dependent on the 
protection present on nitrogen. At the beginning we have focused on the bicyclic systems 5.93 
derived from the reaction of hetero Diels-Alder with acylnitroso species. However, at this time, 
studies are still underway in our laboratory to build a wide range of variously substituted azasugars. 
In Scheme 5.47, we report an example of N-O bond cleavage by using a source of Mo(CO)6 in 
CH3CN/H2O as a solvent at 65°C for 2 hours. Usually, this procedure is accompanied by the 
addition of NaBH4, but we found that this was not necessary for the success of the reaction. 
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Scheme 5.47 N-O bond cleavage of bicyclic adduct 5.98 
 
To our surprise we did not obtained the azasugar derivative 5.100, but, after examination of 1H, 13C 
NMR and COSY and HMQC spectra, we concluded that the reaction afforded the azasugar 
derivative 5.99 as the only product. The detailed mechanism is presently non completely clear, but 
it seems a 1,3-sigmatropic suprafacial shift with retection of stereochemistry. A detailed 
examination of factors influencing the shift of the NH-Boc portion in this cleavage reaction is 
currently underway in our laboratory.28 
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5.3 Experimental Section 
 
General methods: All reactions dealing with air or moisture sensitive compounds were carried out 
under an argon atmosphere in oven dried 10 mL, 25 mL, 50 mL or 100 mL Schlenk tubes. 
Analytical TLC were performed on Alugram SIL G/UV254 silica gel sheets with detection by 
exposure to ultraviolet light (254 nm) and/or by immersion in an acidic staining solution of p-
anisaldehyde in EtOH. Silica gel 60 (Macherey-Nagel 230-400 mesh) was used for flash 
chromatography. 
 
Instrumentation: 1H NMR spectra were recorded on Bruker Avance II 250 spectrometer. 
Chemical shifts are reported in ppm downfield from tetramethylsilane with the solvent resonance as 
the internal standard (deuterochloroform: δ 7.26, deuteroacetonitrile: δ 1.94). 13C NMR spectra 
were recorded on a Bruker Avance II 250 spectrometer (62.5 MHz) with complete proton 
decoupling. Chemical shifts are reported in ppm downfield from tetramethylsilane with the solvent 
resonance as the internal standard (deuterochloroform: δ 77.0, deuteroacetonitrile: δ 1.32). 
Melting points were determined on a Kofler apparatus and are uncorrected. 
Mass spectra ESIMS were measured on a Finnigan LC-Q Deca Termoquest spectrometer, equipped 
with a software Xcalibur. 
Elemental analyses were performed Elemental analyses were performed with a Carlo Erba DP200 
instrumentation. 
 
Chemicals: All reagents were purchased as commercially available sources unless noted otherwise. 
Solvents for extraction and chromatography were distilled before use.  
 
General procedure for the three-component uncatalyzed reaction of benzyne with pyridines 
with Grignard reagents (Scheme 5.32). 
A 10 ml dried Schlenk tube was charged, under argon protection, with KF (16.3 mg, 0.28 mmol) 
and 18-crown-6 (74.0 mg, 0.28 mmol) in freshly distilled THF (1.0 mL). Then benzyne precursor 
5.44 (0.04 mL, 0.17 mmol) and 4-methoxy pyridine 5.35 (0.02 mL, 0.17 mmol) were added to the 
system and the reaction mixture  was stirred  overnight at room temperature. After 16 h the reaction 
was cooled at 0 °C and MeMgCl 3 M (3 eq) was added. The resulting mixture was stirred for 1 h at 
0 °C, quenched with HCl (1 M), and stirred for 10 min at room temperature. The reaction mixture 
was diluited with Et2O (5.0 mL), the organic phase was separated, and the aqueous phase was 
extracted with Et2O (5.0 mL) and AcOEt (5.0 mL). The combined organic phases were dried over 
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MgSO4, and the solvent was removed under reduced pressure. The crude product 5.66 was purified 
by flash chromatography on silica gel. 
 
General procedure for the three-component copper-catalyzed reaction of benzyne with 
pyridines with Grignard reagents (Scheme 5.33). 
A 10 ml dried Schlenk tube was charged, under argon protection, with Cu(OTf)2 (3,10 mg, 0.0085 
mmol) and chiral ligand (0.01 mmol) in freshly distilled THF (0.5 mL) and stirred for 10 min at 
room temperature. KF (16.3 mg, 0.28 mmol) and 18-crown-6 (74.0 mg, 0.28 mmol) in THF (0.5 
mL) was added at room temperature. Then benzyne precursor 5.44 (0.04 mL, 0.17 mmol) and 4-
methoxy pyridine 5.35 (0.02 mL, 0.17 mmol) was added to the system and the reaction mixture was 
stirred  overnight at room temperature. After 16 h the reaction was cooled at 0 °C and MeMgCl 3 
M in THF (3 eq) was added. The resulting mixture was stirred for 1 h at 0 °C, quenched with HCl 
(1 M), and stirred for 10 min at room temperature. The reaction mixture was diluited with Et2O (5.0 
mL), the organic phase was separated, and the aqueous phase was extracted with Et2O (5.0 mL) and 
AcOEt (5.0 mL). The combined organic phases were dried over MgSO4, and the solvent was 
removed under reduced pressure. The crude product 5.66 was purified by flash chromatography on 
silica gel. 
 
Experimental procedure for the synthesis of dihydropyridine 5.74 and 5.75 (Scheme 5.37) 
A 100 mL dried Schlenk tube was charged, under argon protection, with Cu(OTf)2 (362 mg, 1.0 
mmol) in pyridine
 
 (8.1 mL, 100 mmol) and the mixture was stirred for 10 min at room 
temperature. Acetic anhydride (9,45 mL, 100 mmol) was added dropwise at 0 °C and then the 
mixture was stirred at room temperature overnight. After 18h the reaction was concentrated an then 
diluited with AcOEt (50 mL) and saturated aqueous solution of EDTA (10 mL) until the organic 
phase assumed an orange color. The aqueous phase was separated and extracted further with 
AcOEt (20 mL x 2 times) and with CH2Cl2 (20 mL). Combined organic fractions were dried over 
MgSO4  and filtered. Evaporation of the organic solution afforded a crude solid mixture of the 1,2- 
and 1,4-adducts, 5.74 (85%) and 5.75 (15%).  
Identical experimental procedure was applied for the synthesis of the others products starting from 
pyridine or isoquinoline with various anhydrides.  
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Spectra data 
 
2-Methyl-1-phenyl-2,3-dihydropyridin-4(1H)-one (5.66). 
Following the general procedure, the usual work up afforded a crude mixture that 
was subjected to flash chromatographic (hexanes:EtOAc 1:1) to give 5.66 (41% 
yield) as an oil. 
1H NMR (250 MHz, CDCl3) δ 7.33-7.37 (m, 3H), 7.12-7.20 (m, 2H), 5.22 (d, 1H, 
J=7.8 Hz), 4.33-4.40 (m, 1H), 3.01 (dd, 1H, J= 6.3, 16.3 Hz), 2.30-2.38 (m, 1H), 1.38 (d, 3H, J= 
6.7). 13C NMR (62.5 MHZ, CDCl3) δ 191.6, 147.0, 129.8, 129.7, 129.6, 124.6, 124.5, 119.2, 101.2, 
54.0, 42.5, 15.7. 
 
2-(1-Acetyl-1,2-dihydropyridin-2-yl)acetic acid (5.74). 
Following the general procedure, the usual work-up afforded a mixture of 
regioisomers 5.74 and 5.75 with a TON= 7. The crystallization  in hexane/ethyl 
acetate 95:5 give 5.74 as white crystal. (M.p= 109-111 °C) 
IR v ca 3000 cm-1, 1722, 1618, 1575. 
1H NMR (250 MHz, CDCl3) δ 9.24-9.61 (br s, 1H), 6.46 (d, 1H , J= 7.8 Hz), 5.98 (dd, 1H, J= 5.4, 
9.4 Hz), 5.79 (dd, J= 5.4, 9.4 Hz), 5.49-5.57 (m, 1H), 5.36-5.41 (m, 1H), 2.58-2.68 (m, 2H), 2.26 
(s, 3H). 13C NMR (62.5 MHZ, CDCl3) δ 175.1, 169.8, 124.7, 123.2, 121.9, 107.7, 46.9, 37.5, 21.3. 
 
2-(2-Acetyl-1,2-dihydroisoquinolin-1-yl)acetic acid (5.83). 
Following the general procedure, Cu(OTf)2 (361,68 mg, 1.0 mmol) in 
isoquinoline (11.7 mL, 100 mmol) was stirred for 10 min. Acetic anhydride 
(9,45 mL, 100 mmol) was added dropwise at 0 °C and then the mixture was stirred at room 
temperature overnight. After 16 h, he usual work-up afforded a crude mixture, which was subjected 
to flash chromatography (hexanes/EtOAc 6:4) to give 5.84 as an oil (TON= 10). 
1H NMR (250 MHz, CDCl3) δ 7.19-7.28 (m, 4H), 6.64 (dd, 1H, J= 1.2, 7.6 Hz), 6.22 (dd, 1H, J= 
1.2, 6.4 Hz), 6.02 (dd, 1H, J= 5.7, 13.5 Hz), 2.52-2.76 (m, 2H), 2.22 (s, 3H). 13C NMR (62.5 MHZ, 
CDCl3) δ 174.2, 169.2, 151.4, 140.9, 128.1, 127.7, 125.3, 124.3, 110.9, 50.3, 39.5, 21.5. 
 
Methyl 2-(1-acetyl-1,2-dihydropyridin-2-yl)acetate (5.79). 
A mixture (ca 7.0 mmol) of regioisomers 5.74 and 5.75 was dissolved in a 
1:1 solution of MeOH/Et2O (20 mL) and diazomethane (1.1 eq, 7.7 mmol) 
was added dropwise at 0 °C and stirred for 16 h. The reaction was 
concentrated in vacuo and the mixture was subjected to flash chromatography (hexanes/EtOAc 6:4, 
Rf = 0.3) to give 5.79 as a dark oil. 
N
CH3O
COOH
N O
CH3HOOC
N
CH3O
COOCH3
N
O
CH3
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1H NMR (250 MHz, CDCl3) δ 6.46 (d, 1H, J=7.7 Hz), 6.01 (dd, 1H, J= 5.5, 9.5 Hz), 5.72-5.83 (dd, 
1H, J= 5.5, 9.5 Hz), 5.54 (dd, 1H, J= 6.7, 13.7 Hz), 5.35-5.46 (m, 1H), 3.67 (s, 3H), 2.44-2.56 (m, 
2H), 2.26 (s, 3H). 13C NMR (62.5 MHZ, CDCl3) δ170.8, 169.3, 124.9, 123.0, 121.9, 107.3, 51.7, 
47.0, 37.4, 21.3 
 
Methyl 2-(1-acetyl-1,4-dihydropyridin-4-yl)acetate (4.80). 
The faster eluting fraction of the above flash chromatography (hexanes/EtOAc 
6:4, Rf = 0.35)  give 5.80 as a dark oil. 
1H NMR (250 MHz, CDCl3) δ 7.18 (d, 1H, J= 7.5 Hz), 6.55 (d, 1H, J= 8.4 Hz), 
4.92-5.04 (m, 2H), 3.69 (s, 3H), 3.41 (br s, 1H), 2.40-2.43 (m, 2H), 2.19 (s, 3H). 
13C NMR (62.5 MHZ, CDCl3) δ 170.5, 169.1, 123.9, 121.9, 110.2, 109.6, 51.6, 42.5, 29.9, 21.3 
 
2-(1-Acetyl-1,2,3,4-tetrahydropyridin-2-yl)acetic acid (5.87). 
A solution of the dihydropyridines 5.74 (58.8 mg, 0.3 mmol) in MeOH (3.5 
mL) was treated with Pd/C (10 mg) and allowed to stir under hydrogen 
atmosphere for 16 h. The reaction mixture was filtered on celite and washed with MeOH. 
Evaporation of the organic solvent afforded the crude mixture that was subjected to flash 
chromatography (hexanes/EtOAc 1:3) to give 5.87 (50% yield) as a semisolid. 
1H NMR (250 MHz, CDCl3) δ 7.29-7.71 (br s, 1H), 6.47 (d, 1H, J= 6.8  Hz), 4.96-5.12 (m, 2H), 
2.41-2.63 (m, 2H), 1.89-2.20 (m, 7H). 13C NMR (62.5 MHZ, CDCl3) δ 174.9, 168.7, 124.1, 108.4, 
45.3, 35.3, 24.1, 21.4, 17.6. 
 
2-(1-Acetylpiperidin-2-yl)acetic acid (5.88). 
A solution of the dihydropyridines 5.74 (58.8 mg, 0.3 mmol) in MeOH (3.5 
mL) was treated with PtO2 (10 mg) and allowed to stir under hydrogen 
atmosphere for 16 h. The reaction mixture was filtered on celite and washed with MeOH. 
Evaporation of the organic solvent afforded the crude mixture that was subjected to flash 
chromatography (hexanes/EtOAc 1:3) to give 5.88 (38% yield). 
1H NMR (250 MHz, CDCl3) δ 5.11-5.21 (m, 1H), 4.40-4.58 (m, 2H), 3.58-3.68 (m, 1H), 3.10-3.21 
(m, 1H), 2.77-2.88 (m, 1H), 2.41-2.73 (m, 3H), 2.21 (s, 3H). 
 
Compound 5.92. 
A 25 ml dried Schlenk tube was charged, under argon protection, with 
benzyne precursor 5.44 (0.29 mL, 1.3 mmol), CsF (789.0 mg, 5.2 mmol) in 
toluene (4.8 mL) at room temperature. Then 1,2-dihydropyridine 5.79 (250.0 
mg, 1.3 mmol) in acetonitrile (4.8 mL) was added and the mixture was stirred at 55 °C. After 48 h 
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the reaction was filtered on celite pad and the crude mixture was subjected to flash chromatography 
(hexanes/EtOAc 6:4) to give 5.92 (55% yield) as a semisolid. 
1H NMR (250 MHz, CDCl3) δ 7.18-7.39 (m, 4H), 6.69-6.82 (m, 2H), 5.33 (d, 1H, J=5.9 Hz), 4.15-
4.20 (m, 1H), 3.99-4.04 (m, 1H), 3.70 (s, 3H), 3.16 (dd, 1H, J= 3.8, 15.9 Hz) 2.16-2.34 (m, 6H). 
13C NMR (62.5 MHZ, CDCl3) δ 171.9, 169.7, 141.4, 141.1, 137.9, 133.6, 126.7, 126.0, 124.4, 
121.2, 56.0, 54.4, 51.6, 43.8, 37.3, 22.7  
 
 (1S,4R)-tert-Butyl 5-acetyl-6-(2-methoxy-2-oxoethyl)-2-oxa-3,5-
diazabicyclo[2.2.2]oct-7-ene-3-carboxylate (5.93). 
A 25 mL flask, was charged with tert-butyl hydroxycarbamate (158.8 mg, 1.2 
mmol) in a mixture 3:1 MeOH/H2O (6.0 mL) and the solution was stirred at 0°C. 
Then 1,2-dihydropyridine 5.79 (194.0 mg, 1.0 mmol) and NaIO4 (256.7 mg, 1.2 mmol) were added 
and the mixture was stirred at 0°C. After 3 h the reaction was concentrated an then diluited with 
water (5 mL), extracted with CH2Cl2 (10 mL X 3) and dried (MgSO4). Evaporation of organic 
solvent afforded a crude residue that was subjected to flash chromatography (hexanes/EtOAc 6:4, 
Rf = 0.3) to give 5.93 (35% yield) as a yellow solid. (M.p.= 110 °C).  
1H NMR (250 MHz, CDCl3) δ 6.71-6.77 (m, 1H), 6.51-6.57 (m, 1H), 6.01 (d, 1H, J= 5.8 Hz), 5.08-
5.12 (m, 1H), 4.52-4.59 (m, 1H), 3.65 (s, 3H), 2.95 (dd, 1H, J= 4.0, 16.2 Hz), 2.19 (s, 3H), 1.98-
2.12 (m, 1H), 1.45 (s, 9H). 13C NMR (62.5 MHZ, CDCl3) δ 170.8, 170.2, 156.5, 130.4, 129.1, 83.3, 
72.6, 62.7, 53.3, 51.8, 34.7, 28.1, 21.8. 
 
(1S,4R,6R)-tert-Butyl 5-acetyl-6-(2-methoxy-2-oxoethyl)-3-oxa-2,5-
diazabicyclo[2.2.2]oct-7-ene-2-carboxylate (5.94). 
The second eluting fraction of the above flash chromatography (hexanes/EtOAc 
6:4, Rf = 0.25) give 5.94 (18% yield) as a semisolid. 
1H NMR (250 MHz, CDCl3) δ 6.63-6.69 (m, 1H), 6.51-6.56 (m, 1H), 5.77 (dd, 1H, J= 1.4, 5.4 Hz), 
5.07-5.11 (m, 1H), 4.51-4.58 (m, 1H), 3.68 (s, 3H), 2.95 (dd, 1H, J= 3.8, 16.3 Hz) 2.11-2.29 (m, 
4H). 13C NMR (62.5 MHZ, CDCl3) δ 170.8, 170.2, 150.1, 130.05, 128.4, 83.1, 78.2, 53.6, 52.1, 
51.9, 34.8, 28.2, 28.0. 
 
Methyl 2-((1S,4R)-5-acetyl-2-phenyl-3-oxa-2,5-diazabicyclo[2.2.2]oct-7-en-6-
yl)acetate (5.98). 
A 10 ml dried Schlenk tube was charged, under argon protection, with 1,2-
dihydropyridine 5.79 (194.0 mg, 1.0 mmol) in CH2Cl2 (1.0 mL) and the solution 
was stirred at room temperature. Then nitrosobenzene (214.2 mg, 2.0 mmol) was added and the 
mixture was stirred at room temperature. After 1 h the reaction was concentrated crude residue that 
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was subjected to flash chromatography (hexanes/EtOAc 1:1) to give 5.98 (70% yield) as a yellow 
oil. 
1H NMR (250 MHz, CDCl3) δ 7.35-7.61 (m, 5H), 6.68-6.74 (m, 1H), 6.13-6.19 (m, 1H), 5.80 (d, 
1H, J= 6.7 Hz), 4.83-4.87 (m, 1H), 4.69-4.76 (m, 1H), 3.71 (s, 3H), 3.06 (dd, 1H, J= 4.1, 16.8 Hz), 
2.05-2.27 (m, 4H). 13C NMR (62.5 MHZ, CDCl3) δ 171.4, 170.0, 129.8, 129.4, 129.1, 128.9, 128.6, 
128.9, 123.3, 117.6, 77.2, 60.0, 52.5, 51.8, 34.5, 21.9. 
 
Methyl 2-((2S,3R,4R)-1-acetyl-4-(tert-butoxycarbonylamino)-3-hydroxy-
1,2,3,4-tetrahydropyridin-2-yl)acetate (5.99). 
A 10 mL flask was charged with bicyclic system 5.93 (65.3 mg, 0.2 mmol) 
and Mo(CO)6 (63.4 mg, 0.24 mmol) in a mixture 15:1 acetonitrile/H2O (1.3 
mL) and the solution was stirred at 60 °C. After 2 h the reaction was filtered on celite pad and the 
crude mixture was subjected to flash chromatography (hexanes/EtOAc 1:1) to give 5.99 (54% 
yield) as a oil. 
1H NMR (250 MHz, CDCl3) δ 7.49 (d, 1H, J= 5.5 Hz), 6.56 (d, 1H, J= 7.9 Hz), 5.12-5.19 (m, 2H), 
4.22-4.23 (m, 1H), 4.14-4.15 (m, 1H), 3.64 (s, 3H), 2.68-2.73 (m, 2H), 2.27 (s, 3H), 1.43 (s, 9H). 
13C NMR (62.5 MHZ, CDCl3) δ 171.8, 169.2, 157.2, 125.5, 107.9, 84.0, 82.3, 62.2, 51.9, 46.2, 
33.9, 28.1, 21.7. 
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